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Objectives  and  scope  of  the  project 

In  this  project  we  planned  to  develop  some  new  concepts  of  gamma-ray  lasing 
alternative  to  the  traditional  approaches  based  on  the  Moessbauer  technique.  Two  separate 
branches  we  intended  to  discuss:  (I)  two-quantum  induced  radiative  transitions  in  an  ensemble 
of  free  excited  nuclei  and  (II)  two-quantum  induced  annihilation  of  electrons  and  positrons. 
Technical  objective  of  the  project  was  to  work  out  a  concrete  scheme  for  the  quantum 
mechanical  calculations  of  two-quantum  Doppler-free  induced  gamma  emission  (IGE)  of  free 
excited  nuclei  or  antiparticles. 


Achievements 

The  main  result  of  the  theoretical  research  of  the  project  is  the  development  of  the 
method  of  external  ignition  of  two-quantum  IGE  of  (I)  free  excited  nuclei  or  (11)  free 
positronium  atoms  by  counterpropagating  intense  photon  beams.  The  performed  analysis 
reveals  the  following  advantages  of  this  method: 

•  In  contrast  to  one-quantum  emission  with  Doppler-broadened  line,  all  nuclei  regardless  of 
their  random  individual  velocities  turn  out  to  be  involved  in  the  process  of  two-quantum 
IGE  of  photons  with  the  energies  near  to  a  half  of  the  nuclear  transition  energy  (only  for 
(I)  free  excited  nuclei). 
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•  A  specific  dynamic  distributed  feedback '  inherent  to  two-quantum  emission  in 
conterpropagating  photon  beams  only  is  settled  without  any  reflecting  structures  (for  both 
(I)  free  excited  nuclei  and  (II)  free  positronium  atoms). 

•  Nonlinearity  of  the  feedback  leads  to  release  of  nuclear  storage  energy  or  positronium 
annihilation  energy  in  avalanche-like  manner  accompanied  by  emission  of  a  giant  pulse  of 
coherent  gamma  quanta  (for  both  (I)  free  excited  nuclei  and  (11)  fi-ee  positronium  atoms). 

•  Relativistic  motion  of  positronium  atoms  (particles  with  relatively  small  mass)  permits  us 
to  lower  the  requirements  to  frequency,  angular  divergence  and  flux  density  of  one  of  the 
counterpropagating  igniting  photon  beams.  The  other  beam  could  appears  due  to 
spontaneous-stimulated  annihilation  transitions  caused  by  the  first  igniting  beam  since  the 
spontaneous  photons  in  this  case  proves  to  be  perfectly  matched  both  in  fi-equency  and 
direction. (for  (II)  free  positronium  atoms). 

Technical  Background 

As  is  well  known,  the  cross  section  for  induced  emission  is  rapidly  decreased  in  high 
frequency  range  because  of  both  the  decrease  of  the  emission  wave  length  and  the  increase  of 
the  Doppler  line  width  which  is  proportional  to  transition  frequency.  Therefore,  observing  of 
IGE  seems  to  be  unlikely  without  radical  suppression  the  Doppler  broadening  of  emission  line. 
In  the  most  proposals  for  gamma-ray  lasing  the  Moessbauer  recoilless  transitions  of  nuclei  in 
solids  are  suggested  to  use  in  order  to  avoid  thermal  broadening  of  emission  line  and,  thus,  to 
increase  the  IGE  cross  section.  However,  the  lack  of  success  of  long  standing  efforts  to  design 
a  self-consistent  scheme  for  obtaining  gamma-ray  lasing  in  solids  [1-4]  impels  us  to  search  new 
approaches  alternative  to  the  traditional  schemes  based  on  the  Moessbauer  technique. 

Two  separate  non-Moessbauer  approaches  to  the  problem  of  gamma-ray  lasing  have 
been  previously  discussed  in  literature;  induced  gamma  emission  of  monokinetized  nuclear 
beams  [5,  6]  and  coherent  gamma  emission  by  induced  annihilation  of  electron-positron  pairs 
or  positronium  atoms  [7-14]. 

Reported  here  is  success  in;  '' 

(I)  theoretical  study  of  an  alternative  way  to  remove  the  pernicious  influence  of  chaotic 
motion  of  free  nuclei  by  means  of  external  ignition  of  two-quantum  IGE  process  in 
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counteqjropagating  intense  photon  beams.  This  approach,  first  proposed  in  [15],  uses  all 
the  experience  gained  in  two-quantum  sub-Doppler  optical  absorption  spectroscopy  [16], 

(11)  theoretical  study  of  the  process  of  external  ignition  of  two-quantum  induced  annihilation  of 
free  positronium  atoms  by  counterpropagating  intense  photon  beams. 


Report 

(I)  External  ignition  of  two-quantum  IGE  of  free  nuclei. 

According  to  the  lows  of  energy  and  momentum  conservation,  any  nucleus  regardless 
of  its  velocity  is  capable  to  absorb  (or  emit)  simultaneously  two  quanta  with  opposite 
directions  of  wave  vectors  and  with  the  same  energies  equal  to  a  half  of  the  nuclear  transition 
energy  Eg  =hcOQ.  The  Doppler  shifts  to  the  frequencies  of  such  quanta  are  equal  in  value 

but  opposite  in  sign.  Therefore,  a  motion  of  nuclei  can  not  rule  out  the  sum  of  the  quanta 
energies  beyond  the  resonance  with  the  nuclear  transition  energy.  Thus,  the  spectral 
distribution  of  two-quantum  IGE  under  condition  of  external  ignition  by  counterpropagating 
beams  of  photons  of  equal  energies  will  features  a  narrow  peak  near  to  a  half  of  the  transition 
energy.  This  peak  is  associated  with  contribution  to  IGE  of  all  nuclei  regardless  of  their 
random  individual  velocities  and  it  is  in  contrast  with  the  background  formed  by  the  emission 
of  particular  groups  of  nuclei  belonging  to  different  parts  of  their  velocity  distribution. 

The  steady-state  amplification  of  the  counterpropagating  beams  with  photon  flux 
densities  I  and  I  [cm'^s'*]  within  the  spectral  line  width  of  the  nuclear  transition  Ao)q  around 

the  frequency  tyg  is  governed  above  the  ignition  threshold  by  the  equations  [17] 


dz 


=  An2-ni)n* 


(1) 


where  the  rate  constant  for  induced  gamma  emission  P  is  estimated  by  the  expression 


P 


(l-2E;/Eof 


(2) 


and  Eg  is  the  energy  of  the  neighboring  intermediate  nuclear  level  situated  between  the  levels 
involved  in  the  considered  nuclear  transition,  a  -  is  the  radius  of  a  nucleus,  <2  -  is  the  fine 
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Structure  constant.  The  inverted  population  difference  (x\.2  —  n^)  is  expressed  through  the 
initial  population  difference  no  by  the  relation 


n2-ni 


(3) 


where  is  the  saturation  photon  flux  density. 

A  positive  gain  with  dl/dz  >  0  and  —  dl^/dz  >  0  is  achieved  under  the  following 
condition 


on 


(4) 


which  can  be  regarded  as  a  threshold  condition  for  ignition  and  O'  -  is  the  cross  section  for 
photon  scattering  from  igniting  beams,  n  -  is  the  total  concentration  of  nuclei. 


Integration  of  equations  (1)  with  allowance  for  the  saturation  of  excessive  population 
(3)  yields  the  transcendent  equation  for  the  net  output  photon  flux  density  In  on  the  length  L  : 


(l 

a. 
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n  ^  »gn 
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ign/ 


(5) 


where  Ijgn  =  Ijgn  is  the  igniting  photon  flux  densities  at  the  input  of  the  gain  region. 


Figure  1  displayed  the  dependence  of  normalized  net  output  photon  flux 
density  In/Is  versus  the  medium  activity  A=y6!tioIsL,  found  from  the  equation  (5),  with  the 

squared  ratio  (ijgn/Is)  taken  as  a  parameter  of  a  family  of  curves.  These  curves  reveal  an 

ambiguous  S'-like  behavior  at  a  high  enough  medium  activity  .  As  the  parameter  A  reaches  its 
critical  value  Acr  =  (y0noIsL)cr  ~  1,  the  output  photon  flux  density  is  switched  to  the  upper 
branch  of  the  .S-like  curve.  This  process  is  accompanied  by  abrupt  avalanche-like  devastation 
of  the  population  of  upper  level,  which  give  rise  to  a  burst  generation  of  a  giant  pulse  of 
coherent  gamma  quanta. 

Discontinuities  in  dependencies  shown  in  figure  1  are  due  to  the  dynamic  distributed 
feedback,  which  arises  in  induced  two-quantum  emission  in  counterpropagating  photon  beams 
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without  any  reflecting  structures,  creating  of  which  in  gamma  fi-equency  range  is  a  very 
complicated  task.  Indeed,  due  to  intrinsic  nonlinearity  of  two-quantum  emission  the 
counterpropagating  waves  of  IGE  proves  to  be  perfectly  matched  in  phase  and  coupled  to 
each  other.  This  coherent  coupling  arising  in  each  event  of  two-quantum  IGE  can  be  regarded 
as  a  some  kind  of  positive  distributed  feedback,  which  leads  to  forming  a  standing  wave  in  the 
amplification  region  (the  main  attribute  of  a  feedback)  in  the  absence  of  any  mirrors  or 
periodic  scattering  structures. 

Conventional  distributed  feedback  based  on  a  stationary  periodic  scattering  structure  is 
characterized  by  a  coefficient  of  coupling  p  of  counterpropagating  waves.  This  coupling 

coefficient  is  defined  as  a  variation  in  the  photon  flux  density  dl  in  the  backward  wave  within 
length  element  dz  divided  by  the  flux  density  I  in  the  forward  wave, 

1dl* 

I  dz  (6) 

In  an  induced  two-quantum  process  in  the  field  of  counterpropagating  waves,  the  photon  flux 
density  in  the  backward  wave  changes  in  each  event  of  stimulated  emission.  Because  of 
intrinsic  features  of  induced  emission,  newly  created  photons  are  perfectly  phase-matched  and 
are  emitted  into  an  appropriate  mode.  Therefore,  according  to  (1),  the  nonlinear  coefficient  of 
dynamic  distributed  feedback  in  induced  two-quantum  emission  is  given  by 

/7  =  y^(n2-ni)I* 

and  increases  proportionally  to  I* .  Because  of  the  nonlinearity  of  the  feedback  excitation  of 
nuclei  is  released  in  an  avalanche-like  manner,  which  is  accompanied  by  emission  of  a  giant 
pulse  of  gamma  quanta. 

Numerical  estimates  are  given  for  a  hypothetical  “fortunate”  nucleus  with  A=150,  a 
transition  energy  Eo=10^eV  and  an  intermediate  energy  level  with  a  detuning 

|1  —  2E5/Eo|=2.10'^.  For  such  a  detuning,  expression  (2)  give  the  following  estimate  for 

the  constant  of  stimulated  emission  (2-10'^'^  cm‘*)/At9[)  .  In  accordance  with  (4),  the 
threshold  spectral  flux  density  of  igniting  photons  can  be  estimated  as  li^lAcOo  =  3-10^*  cm'^ 
,  where  we  assumed  that  Hq  =  0.6n  and  took  into  account  that  the  scattering  of  gamma 
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quanta  with  an  energy  of  about  SOkeV  mainly  occurs  through  photoionization  of  atoms  with 

_ 22  2 

the  scattering  cross  section  (T  =  6  •  1 0  cm^. 

The  igniting  photon  flux  density  at  a  critical  point  is  estimated  as  lign/Is  ~  l/O0QoIsL)cr 
~  1,  which  can  be  satisfied  at  the  threshold  spectral  photon  flux  density  Iign/A<2Jo  -  3-10^^ 
cm'^  with,  for  example,  no  =  10*^  cm'^  and  L  =  10"*  cm  . 

Finally,  let  us  compare  the  estimated  threshold  spectral  photon  flux  density  in  the 
igniting  beams  with  the  capabilities  of  the  available  sources  of  gamma  radiation.  The  spectral 
density  of  the  photon  flux  in  synchrotron  radiation  (within  a  solid  angle  of  lO'^steradian)  is 
estimated  as  approximately  lOcm'^  [18],  which  is  many  orders  of  magnitude  lower  than  the 
required  value  of  lign/AtOo  •  Although  x-ray  lasers  ensure  a  higher  spectral  density  of  the 
photon  flux,  about  lO'^cm'^  [18],  such  a  spectral  density  of  photon  flux  is  lower  than  the 
required  one  by  three  orders  of  magnitude.  In  addition,  the  pulse  duration  of  radiation 
produced  by  x-ray  lasers  is  not  sufficient  to  ensure  ignition. 

The  performed  analysis  reveals  the  main  advantages  and  drawbacks  of  the  method  of 
external  ignition  of  induced  two-quantum  emission  fi-om  free  excited  nuclei  by 
counterpropagating  photon  beams,  which  can  be  summarized  as  follows: 

•  In  contrast  to  single-quantum  emission  in  an  ensemble  of  nuclei  with  Doppler-broadened 
gain  line,  induced  two-quantum  emission  of  gamma  photons  caused  by  counterpropagating 
igniting  beams  involves  all  nuclei  regardless  of  their  individual  velocities. 

•  A  specific  dynamic  distributed  feedback,  which  is  characteristic  of  induced  two-quantum 
emission  in  counterpropagating  photon  beams  only,  is  established  in  the  absence  of  any 
reflecting  structures. 

•  Because  of  the  nonlinearity  of  the  feedback,  with  a  coefficient  proportional  to  the  photon 
flux  density  of  the  igniting  beam,  excitation  of  nuclei  is  released  in  an  avalanche-like 
manner,  which  is  accompanied  by  emission  of  a  giant  pulse  of  gamma  quanta. 

•  At  present,  the  implementation  of  such  a  process  is  impeded  by  the  absence  of  source  of 
igniting  gamma  quanta,  with  a  sufficient  photon  flux  density.  Therefore,  the  advantages  of 
the  proposed  technique  may  manifest  themselves  only  in  designing  a  final  stage  of  a  source 
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of  gamma  quanta  (e.g.,  in  x-ray  or  gamma-ray  laser,  relativistic  undulator,  free  electron 
laser,  etc.)  for  production  a  short  giant  pulse  of  coherent  gamma  photons. 


(I)  External  ignition  of  two-quantum  IGE  of  free  positronium  atoms. 

Antimatter  as  a  perfect  source  of  states  with  negative  temperature  [19,  20]  attracts  for 
a  long  time  attention  of  the  researches  which  are  looking  for  a  way  to  achieve  a  self- 
maintaining  photon  chain  reaction  or,  in  other  words,  annihilation  laser.  The  main  theoretical 
efforts  have  been  concentrated  on  the  least  exotic  annihilation  reaction  -  the  radiative  electron- 
positron  annihilation  and  conditions  for  development  of  gamma-ray  lasing  by  induced 
annihilation  of  electrons  and  positrons  have  been  discussed  [7-14].  In  this  paper  we  consider  a 
different  mechanism  for  the  production  of  coherent  gamma-rays  based  on  external  ignition  of 
avalanche-like  induced  annihilation  of  positronium  atoms  by  conterpropagating  intense  photon 
beams. 

As  is  well  known,  annihilation  of  free  electrons  and  positrons  with  low  relative 
velocities  goes  mainly  through  the  stage  of  hydrogen-like  bound  state  of  electron  and  positron 
named  as  the  positronium.  There  are  two  types  of  the  positronium  atoms  in  the  ground  state: 
with  antiparallel  spins  of  the  electron  and  positron  (parapositronium)  and  with  parallel  spins  of 
the  electron  and  positron  (orthopositronium).  One-photon  radiative  annihilation  of  free 
positronium  atoms  is  completely  forbidden.  According  to  the  lows  of  energy  and  momentum 
conservation  annihilation  of  a  parapositronium  atom  in  the  system  of  center  of  mass  is 

accompanied  by  emission  of  two  quanta  with  equal  energies  TicOq  ^  mc  =  0.51 1  keV  and 

with  opposite  directed  momenta.  Therefore,  an  ensemble  of  parapositronium  atoms  is  the  most 
appropriate  system  for  applying  the  method  of  external  ignition  of  induced  annihilation  by 
counterpropagating  photon  beams. 

The  process  of  ignition  of  induced  annihilation  of  positronium  atoms  has  a  number  of 
positive  and  negative  distinguishing  features  [21].  First  of  all,  in  contrast  to  the  above  nuclear 
case,  the  Doppler-free  induced  two-quantum^  emission  is  now  impossible.  Indeed,  a 

-A- 

parapositronium  atom  in  a  motion  can  not  emit  two  identical  quanta  in  opposite  directions 
because  of  the  complete  disappearance  of  both  emitting  particles.  As  a  result,  only  a  small  part 
S=  A(»Q/<yp  of  parapositronium  atoms  (AtOg  ■  is  the  transition  frequency  band  width 
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equal  to  the  inverse  lifetime  1/r  of  parapositronium,  is  the  Doppler  width  of  the 
emission  line)  turn  out  to  be  involved  into  the  process  of  induced  annihilation  caused  by 
counterpropagating  photon  beams. 

Smallness  of  the  particle  masses  bring  to  the  following  positive  point:  it  is  possible  to 
lower  the  requirements  to  the  igniting  photon  source  by  making  use  of  a  relativistic  motion  of 
positronium  atoms  to  transform  the  photon  frequency,  photon  density  in  the  beam  and  the 
angular  divergence  of  the  photon  beam.  Due  to  Doppler  transformation,  the  energy  of  the 
contrary  igniting  photons  can  be  decrease  down  to  the  value 


(8) 


where  -  is  the  relativistic  factor  of  the  positronium  beam.  For  example,  if  the  energies  of 
electrons  and  positrons  in  a  beam  are  equal  to  «  260  MeV  (y  =500),  the  energy  of 

igniting  photons  becomes  fiCOig^  =  0.5  keV. 


Simultaneously,  the  igniting  beam  photon  density  in  the  coordinate  system  traveling 
together  with  the  positronium  atoms  increases  by  factor  y  and  the  solid  angle  of  the  photon 

2 

beam  decreases  by  ^  +  ^y  ^  J  » 4y^ .  This  means,  that  the  brightness  (spectral- 

angular  photon  flux  density)  of  the  photon  beam  increases  4y  times  and  for  the  above 
numerical  example  consist  5.10*. 


Of  cause,  the  other  beam  of  igniting  photons,  which  propagate  in  the  same  direction  as 
the  positronium  atoms,  is  subjected  to  inverse  Doppler  transformation,  so  the  energy  of 

photons  of  this  beam  should  be  extremely  large  2mc  y  =0.5GeV.  Fortunately,  there  might 

be  no  need  in  the  second  external  igniting  source  at  all.  The  spontaneous  photons  emitted  in 
spontaneous-stimulated  annihilation  transitions  caused  by  the  first  igniting  photon  beam  only 
are  perfectly  matched  both  in  frequency  and  direction  to  play  the  role  of  the  contrary  igniting 
photon  beam. 

In  the  coordinate  system  moving  together  with  the  beam  of  parapositronium  atoms 
with  concentration  N  the  steady-state  amplification  of  counterpropagating  beams  of  gamma 
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quanta  of  frequency  (Dq  with  photon  flux  densities  I  and  I  [cm  s  ]  within  the  body  angle 
AQ  and  the  spectral  band  Atyg  is  governed  above  the  ignition  threshold  by  the  equations 
[22] 


- = - =  /?£NI[ 

dz  dz 


(9) 


where  the  rate  constant  P  for  two-quantum  stimulated-stimulated  annihilation  transitions  is 
determined  by  the  expression 

4  1 

A  A 

(10) 


p= 
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and  Xq  =  271%! me  -  is  the  Compton  wavelength. 

A  positive  gain  with  dl/dz  >  0  and  —  dl*/dz  >  0  is  achieved  under  the  following 


condition 


^ign  ^ 


(1  +  //)o-(N^+N_)/N„ 


(11) 

which  can  be  regarded  as  a  threshold  condition  for  ignition  and  where  (N^  -I-  N_  )  is  the  total 
concentration  of  electrons  and  positrons,  Nq  -  initial  concentration  of  positronium  atoms  and 

O’  -  the  cross  section  for  photon  scattering  from  igniting  beams,  fJ,  —  Ijgn/lign  is  the  ignition 
asymmetry  coefficient. 

Integration  of  equations  (9)  yields  a  transcendent  equation  for  the  pure  output  photon 
flux  density  -  lign  =  lout  “  Ii*gn  emerging  from  a  gain  region  of  length  L 


I 


V^ign 


-1  r 

In 


I 


n_+1 


viign  ; 


V  ^ign  J 


=  Iign/?^NL 


(12) 


where  N  is  averaged  concentration  of  positronium  atoms 
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(13) 


Figure  2  displays  the  dependence  of  In/Iign  the  activity  parameter  A  =  IjgnyffdSIL 
of  the  gaining  medium  for  different  values  of  the  asymmetry  coefficient  fJL .  The  specific 
feature  of  these  curves  are  the  lack  of  one-to-one  correspondence  at  a  high  enough  values  of 
the  activity  parameter  A.  As  the  parameter  reaches  its  critical  value  A^^^  0.1,  the  output 

intensity  is  switched  to  the  upper  branch  of  the  S-like  curve  in  an  avalanche  manner.  This 
process  is  accompanied  by  an  abrupt  increase  of  the  induced  annihilation  rate,  which  give  rise 
to  the  emission  of  a  giant  pulse  of  coherent  gamma  photons. 

Numerical  estimates  are  given  for  the  beam  in  which  the  number  of  parapositronium 
atoms  10^  times  less  than  the  total  number  of  electrons  and  positrons  and  a  fi-action  of 

parapositronium  atoms  interacting  with  igniting  photon  beams  consists  £^=10  .In 
accordance  with  (11),  the  threshold  brightness  of  igniting  photon  beams  can  be  estimated  as 

Iign/(AryoAf2)  >  S.lO^^cm'^steradian'*  and  Ijg„/(AOo^^)  >  cm'^steradian', 

where  we  assumed  //=100  and  took  into  account  that  the  loss  of  gamma  quanta  fi-om 
igniting  beams  mainly  occur  through  the  Compton  scattering  with  the  cross  section 
cr  =  2,6.10"^^cm^. 

The  activity  parameter  critical  for  starting  avalanche-like  induced  annihilation  of 
parapositronium  atoms  is  determined  by  the  condition  A(.|.  =  ~  0.1,  which  can 

be  satisfied  with  threshold  brightness  Ijgjj/(At»oAf2)  =  S.lO^^cm'^steradian'^  for  the 

average  concentration  of  positronium  atoms  N  =  10*^cm'^  and  the  length  of  gain  region 
L  =  10m  .  Relativistic  motion  of  parapositronium  atoms  with  y  *  500  leads  to  reduction  of 

the  threshold  brightness  by  factor  Ay  =5.10  and  the  energy  of  igniting  photons  by  factor 

3  17 

2y=10^.  As  a  result,  the  threshold  energy  brightness  of  the  igniting  beam  will  be  0,8.10  eV 
cm'^  steradian'*  and  becomes  attainable  by  x-ray  lasers. 
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The  performed  analysis  reveals  the  main  advantages  and  drawbacks  of  the  method  of 

external  ignition  of  induced  two-quantum  annihilation  of  parapositronium  atoms,  which  can  be 

summarized  as  follows: 

•  A  specific  dynamic  distributed  feedback,  which  is  characteristic  of  induced  two-quantum 
emission  in  counterpropagating  photon  beams  only,  is  established  in  the  absence  of  any 
reflecting  structures. 

•  Due  to  nonlinearity  of  the  feedback,  the  induced  annihilation  of  parapositronium  atoms  is 
realized  in  avalanche-like  manner,  which  is  accompanied  by  the  emission  of  a  giant  pulse  of 
coherent  gamma  quanta. 

•  It  is  possible  to  lower  the  requirements  to  the  igniting  photon  source  by  making  use  of  a 
relativistic  motion  of  positronium  atoms  to  reduce  the  photon  energy,  the  photon  density 
and  the  angular  divergence  of  one  of  the  igniting  beam. 

•  There  might  be  no  need  in  the  second  external  igniting  beam  at  all.  The  spontaneous 
photons  emitted  in  spontaneous-stimulated  annihilation  transitions  caused  by  the  first 
igniting  photon  beam  only  are  perfectly  matched  both  in  frequency  and  direction  to  play 
the  role  of  the  contrary  igniting  photon  beam. 

•  At  present,  the  implementation  of  such  a  process  is  impeded  by  the  absence  of 
monokinetized  parapositronium  beams  and  by  the  absence  of  sources  of  igniting  photons, 
which  combine  a  sufficient  pulse  duration  with  high  brightness.  Therefore,  the  advantages 
of  the  proposed  technique  may  manifest  themselves  only  in  designing  a  final  stage  of  a 
source  of  gamma  quanta  (e.g.,  in  x-ray  or  gamma-ray  laser,  relativistic  undulator,  fi-ee 
electron  laser,  etc.)  for  production  a  short  giant  pulse  of  coherent  gamma  photons. 
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Significance 

There  is  a  threefold  significance  to  this  theoretical  result: 

1 .  The  performed  analysis  shows  the  possibility  of  ignition  by  two  counterpropagating 
photon  beams  a  burst  generation  of  coherent  gamma  radiation  in  an  ensemble  of  free 
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positronium  atoms  or  in  a  gas  of  free  excited  nuclei  without  any  cooling  or  embedding  of 
the  nuclei  into  a  solid  matrix. 

2.  In  contrast  to  one-quantum  emission  with  Doppler-broadened  line,  all  nuclei  regardless  of 
their  random  individual  velocities  turn  out  to  be  involved  into  the  process  of  avalanche-like 
two-quantum  induced  gamma  emission  of  photons  with  the  energies  near  to  a  half  of  the 
nuclear  transition  energy. 

3.  Such  kind  of  a  burst  generation  of  coherent  gamma  photons  is  due  to  the  special  type  of 
dynamics  distributed  feedback  arising  in  the  process  of  two-photon  induced  emission  in 
counterpropagating  beams  without  any  reflecting  structures,  creating  of  which  for  the 
gamma-ray  range  is  a  very  complicated  task. 
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Abstract — ^The  method  of  external  ignition  of  stimulated  two-quantum  gamma  emission  of  free  excited  nuclei 
by  counterpropagating  photon  beams  is  considered.  In  contrast  to  one-quantum  gamma  emission  of  an  ensem¬ 
ble  of  nuclei  with  a  Doppler-broadened  gain  line,  in  the  case  under  consideration,  virtually  all  nuclei,  regard¬ 
less  of  their  random  individual  velocities,  are  involved  in  the  emission  of  gamma  quanta  into  a  selected  mode. 
A  specific  dynamic  distributed  feedback,  which  is  characteristic  of  stimulated  two-quantum  emission  only  and 
which  is  established  without  any  reflective  structures,  is  revealed.  Because  of  the  nonlinearity  of  the  feedback, 
with  a  coefficient  proportional  to  the  intensity  of  the  photon  beam,  excitation  of  nuclei  is  removed  in  an  ava¬ 
lanche-like  manner,  which  is  accompanied  by  the  emission  of  a  giant  pulse  of  gamma  quanta. 


1.  INTRODUCTION 

Vain  attempts  to  design  a  gamma-ray  laser  using 
Mossbauer  phononless  transitions  in  nuclei  embedded 
in  a  matrix  of  a  solid,  which  have  been  undertaken  dur¬ 
ing  many  years  (e.g.,  see  [1—4]),  cause  us  to  think  of 
alternative  approaches  to  this  problem. 

In  fact,  the  reason  for  considering  the  possibility  of 
using  phononless  nuclear  transitions  is  associated  with 
the  fact  that  such  transitions  jprovide  an  opportunity  to 
increase  the  cross  section  of  stimulated  emission  by 
narrowing  the  line  width  of  spontaneous  emission  to  its 
limit  through  eliminating  the  influence  of  the  themial 
motion  of  atoms.  In  this  context,  a  Mossbauer  line  with 
a  natural  radiative  width  can  be  considered  as  m  ideal¬ 
ized  situation  when  the  cross  section  of  stimulated 
emission  ceases  to  depend  on  the  matrix  element  of 
transition  and  reaches  its  maximum. 

It  is  unlikely  that  such  an  idealized  situation  can  be 
implemented  in  practice  both  because  of  various 
sources  of  inhomogeneous  broadening  of  nuclear  lines 
in  solids,  which  are  difficult  to  eliminate  in  operating 
lasers,  and  because  of  homogeneous  broadening  due  to 
the  presence  of  other,  parallel  to  radiative  transitions, 
channels  of  relaxation  of  excited  states  (primarily 
through  inner  conversion).  In  addition,  it  is  impossible 
to  implement  an  ideal  situation  because  the  width  of  the 
lower  laser  level  is  finite  if  this  level  does  not  coincide 
with  the  ground  state. 

Therefore,  in  order  to  increase  the  cross  section  of 
stimulated  emission,  we  should  search  for  the  methods 
to  achieve  the  maximum  narrowing  of  the  spontaneous 
emission  line  rather  than  seek  for  the  conditions  when 
a  phononless  Mossbauer  line  with  a  natural  width  can  be 
obtained.  Within  the  framework  of  such  an  approach, 
there  is  no  need  to  place  nuclei  in  a  matrix  of  a  solid, 
which  considerably  complicates  the  technique  [1-4]. 


This  brings  us  to  the  consideration  of  free  nuclei  in 
gases  and  beams  of  particles  [5-9]. 

The  main  source  of  line  broadening  that  is  to  be 
eliminated  in  such  a  situation  is  a  chaotic  motion  of 
nuclei  (including  thermal  motion).  Analysis  of  the 
required  narrowing  of  a  Doppler  line  corresponding  to 
a  one-photon  transition  [5-7]  by  ensuring  a  monoki- 
netic  motion  of  nuclei  in  the  longitudinal  direction  with 
respect  to  the  expected  direction  of  the  beam  of  gamma 
quanta  indicates  the  necessity  of  lowering  the  effective 
longitudinal  temperature  of  atoms  or  ions  down  to  a 
submicrokelvin  level,  which  seems  to  be  not  impossi¬ 
ble  to  date.  However,  there  exists  an  alternative  method 
that  makes  it  possible  to  eliminate  an  adverse  effect  of 
the  chaotic  motion  of  nuclei  [8,  9]  and  that  does  not 
imply  deep  cooling.  This  method  is  based  on  a  rich 
experience  of  sub-Doppler  two-quantum  spectroscopy. 

2.  TWO-QUANTUM  STIMULATED  EMISSION 
IN  COUNTERPROPAGATING  PHOTON  BEi^S 

As  it  follows  from  energy  and  momentum  conserva¬ 
tion  in  the  emission  of  two  photons  with  exactly  oppo¬ 
site  directions  of  wave  vectors,  the  photon  energies  ft(0| 
and  h(02  are  related  to  the  energy  Eq  =  h(Oo  of  the  quan¬ 
tum  transition  by  the  expression 

ft({0, +  CO2)  =  Eo  +  hb(i){u/c) 

-(ft8to)V(2Mc^), 

where  M  is  the  mass  of  the  emitter,  5co  =  coj  —  (O2  is  the 
frequency  detuning  of  counterpropagating  photons,  u  is 
the  projection  of  the  emitter  velocity  on  the  direction  of 
the  wave  vectors  of  the  first  phdfon,  and  c  is  the  speed 
of  light. 

Let  us  assume,  first,  that  the  homogeneous  line 
width  AtOo  of  the  laser  transition  is  negligibly  small 
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(AcOq  =  0).  Then,  as  can  be  seen  from  (1),  all  the  emit- 
ters  with  any  individual  velocities  (a  chaotic  spread  of 
these  velocities  causes  inhomogeneous  broadening)  are 
involved  in  the  process  of  emission  into  the  selected 
central  mode  only  when  the  frequencies  of  two  photons 
resulting  from  the  two-quantum  transition  exactly  coin¬ 
cide  with  each  other,  ©i  =  0)2  =  i  e-.  8©  =  0.  If 
5©  ^  0,  only  a  part  of  emitters  having  the  velocity  u 
determined  by  (1)  contribute  to  the  emission  of  a  cer¬ 
tain  mode  with  ©j  ^  ©2*  As  is  well  known,  these  simfue 
facts,  which  can  be  reduced  to  the  compensation  for  the 
first-order  Doppler  frequency  shift  for  counterpropagat- 
ing  beams  of  photons  with  equal  frequencies,  provide  the 
basis  for  the  method  of  sub-Doppler  spectroscopy. 

Now,  if  we  take  into  account  that  the  homogeneous 
line  width  of  the  transition  A©o  is  finite,  then  we  find 
from  (1)  that  emission  involving  virtually  all  emitters 
with  arbitrary  velocities  is  possible  not  only  for  the  cen¬ 
tral  mode  with  ©|  =  ©2  =  ©0^2  and  5©  =  0  8ut  also  for 
a  group  of  modes  with  8©  f  0.  Each  mode  from  this 
group  has  a  homogeneous  line  width  AcOq.  The  admis- 
sible  frequency  detuning  for  this  group  of  modes  is 
determined  by  the  requirement  that  the  difference  of 
sum  frequencies  of  emitted  photons  should  not  exceed 
the  homogeneous  line  width  of  the  transition, 

(©,  +  ©2)n,M  “ 

where  the  extremal  values  of  frequencies  coircspon^d  to 
the  maximum,  u„„,  and  minimum,  values  of  the 
velocity  distribution  of  emitters  with  a  vanance  Ah 
u  —  M  •  Then,  in  accordance  with  (1),  the  admissible 

•*max  » 

detuning  is  given  by 

|8©ol  =  A©o(c/Ah),  (3) 

and  the  number  of  modes  in  such  a  grouff  is 

N  =  16©ol/A©o  =  c/Ah  >  \  .  (4) 

In  a  certain  sense,  the  detuning  5©o  in  (3)  can  be  con¬ 
sidered  as  a  specific  type  of  inhomogeneous  broaden¬ 
ing  that  does  not  exclude  the  overwhelming  majority  ot 
emitters  from  the  interaction  with  the  field  of  each 
mode  from  this  group. 

Thus,  when  we  irradiate  an  inverted  ensemble  of 
nuclei  vvith  two  counterpropagating  igniting  photon 
beams  produced  by  an  external  source,  the  spectrum  ot 
stimulated  emission  displays  a  maximum  with  a 
width  on  the  order  of  |8©ol  (3)  around  the  central  fre¬ 
quency  ©1  =  ©2  =  tOo/2  (with  an  accuracy  up  to  a  small 
shift  -ft(8©o)^/(2Mc2),  which  is  due  to  the  recoil 
effect).  This  maximum  consists  of  N  modes  (4)  with  a 
homogeneous  width  A©o  each  and  represents  the  con¬ 
tribution  of  virtually  all  nuclei  with  all  possible  veloci¬ 
ties  of  chaotic  longitudinal  motion.  Beyond  the  limits 
of  the  frequency  range  determined  by  (3),  this  maxi¬ 
mum  is  observed  against  a  lower  intensity  background 
associated  with  emission  of  separate  groups  of  nuclei 
that  belong  to  different  parts  of  the  nuclear  velocity  dis¬ 
tribution. 


"nius,  the  above-described  approach  eliminates  an 
adverse  effect  of  a  nonmonokinetic  charactek  of  an 
ensemble  of  free  nuclei  without  a  deep  cooling  of  these 
nuclei.  Simultaneously,  as  will  be  demonstrated  below, 
this  approach  makes  it  possible  to  establish  an  effective 
feedback  within  the  gamma  range,  where  the  creation 
of  mirrors  or  some  other  reflective  stmctures  encoun¬ 
ters  considerable  difficulties. 

3.  AMPLIFICATION 
OF  COUNTERPROPAGATING  BEAMS 
OF  GAMMA  QUANTA 

The  steady-state  amplification  of  counterpropagat¬ 
ing  beams  of  gamma  quanta  that  belong  to  one  of  N 
modes  (4)  in  the  considered  group  of  modes  with  flux 
densities  /  and  I*  [cm'^  s'']  within  the  spectral  band 
A©o  is  governed  by  the  equations 


dl/dz  =  ^{n2-n^)ll*+yn2il  +  \il*) 

+  \loan2-onl, 

-dl*/dz  =  ^in2-ni)II* +yn2{I* +\^l) 

+  \lQan2-onI*, 


(5) 


(6) 


where  nz  and  n|  are  the  concentrations  of  nuclei  in  the 
upper  and  lower  levels  of  the  laser  transition,  res^- 
tively,  and  n  is  the  total  concentration  of  nuclei.  Ihe 
first  terms  in  these  equations  describe  stimula^  two- 
quantum  emission  with  a  coefficient  P  [cm 
ond  terms  take  into  account  spontaneous-stimulated 
emission  of  the  beams  with  flux  densities  I  and  /  into 
the  considered  modes  with  a  coefficient  y  [cm  J-  /n® 
third  terms  describe  purely  spontaneous  emission  into 
the  same  modes  with  a  coefficient  a  [s'  ].  The  last  tern 
characterizes  the  total  loss  of  photons  the  mode 
with  a  scattering  cross  section  o  [cm^].  The  factors  ^ 
An/4ii  and  =  iiA©o/©o  specify  the  fractions  of  pho¬ 
tons  emitted  into  a  solid  angle  AQ  that  covers  the 
modes  of  the  beams  1  and  I*  and  into  the  band  with  a 
homogeneous  width  AcOq,  respectively.  The  longiti^i 
nal  coordinate  z  is  chosen  in  such  a  manner  that  z  -  u 
coincides  with  the  center  of  the  gain  region  of  length  L. 

A  positive  gain  with  dlldz  >  0  and  -dl*ldz  >  0  is 
achieved  if 


(7) 


Hence,  if  the  intensities  of  the  igniting  photon  beams 
satisfy  the  equality  I  =  I*  =  /,•  at  the  input  of  the  gain 
region,  we  find  the  following  threshold  condition  ot 
ignition; 


,  ,  On-Yn2o(l +1^) 


(8) 


Since  the  factor  Po  is  small,  we  omitted  the  last  terrn  in 
(7),  which  is  responsible  for  spontaneous  emission. 


LASER  PHYSICS  Vol.  6  No.  5  1996 


958 


RIVLIN,  ZADERNOVSKY 


The  quantity  /Jq  =  «2o  -  «to  (8)  stands  for  the  initial 
value  of  the  inverted  population,  and  M20  is  the  concen¬ 
tration  of  excited  nuclei  in  the  upper  level  of  the  laser 
transition  in  the  absence  of  an  igniting  photon  beam. 

If  the  beam  intensities  I  and  I*  are  much  higher  than 

2 

the  threshold  level  determined  by  (8),  so  that  II*  >  Iq  , 
inequality  (7)  becomes  so  strong  that  we  can  keep  only  the 
first  terms  in  (5)  and  (6).  Then,  we  have  d(I  +  l*)fdz  =  0 
and  /  +  /*  =  /,  +  4  =  const,  where  4  is  the  intensity  of 
the  beams  7  and  I*  at  the  output  of  the  gain  region,  i.e., 
at  z  =  U2  and  z  =  -LI2,  respectively.  Correspondingly, 
equation  (5)  is  reduced  to 

dl/dz  =  Hni-nOnii  +  Ii-n,  (9) 

and  the  steady-state  inverted  population  difference  for 
the  laser  levels  is  given  by 


M2-/1, 


«o 

1  +  II*/ll' 


(10) 


where  the  saturation  parameter  I,  depends  on  the  specific 
configuration  of  levels  and  the  method  of  pumping. 


4.  DYNAMICS  OF  AMPLIFICATION 
IN  A  TWO-QUANTUM  PROCESS 

Integration  of  equation  (9)  with  allowance  for  the  sat¬ 
uration  of  excessive  population  (10)  yields  a  transcen¬ 
dental  equation  for  the  pure  output  intensity  7^  =  /j,  -  Ii 
emerging  from  a  gain  region  of  length  L, 

Figure  1  displays  the  dependence  of  1^/1,  on  the  prod¬ 
uct  Pno7,vL  found  from  this  equation,  with  the  squared 
ratio  (7/7,)^  taken  as  a  parameter  of  a  family  of  curves. 


InIIs 


The  specific  features  of  these  curves  are  the  lack  of  one- 
to-one  correspondence  and  a  hysteresis  character.  For  a 
sufficiently  high  ignition  intensity,  (7,77,)^  >  0.025,  the 
output  intensity  If// 1,  displays  a  smooth  increase  with  a 
growth  in  Note  that  the  growth  rate  of  If/ll, 

becomes  greater  with  an  increase  in  7,77,. 

An  ambiguity  in  the  considered  curves  that  occurs  for 
a  low  intensity  of  the  igniting  photon  beam,  (7,/7,)^  < 
0.025,  decreases  the  growth  rate  of  1^/1,  in  the  initial 
section  of  the  dependence.  As  the  argument  Pno7j7. 
reaches  its  critical  value,  the  output  intensity  is 
switched  to  the  upper  branch  of  the  S-like  curve  in  an 
avalanche  manner.  This  process  is  accompanied  by  an 
abrupt  devastation  of  the  population  (obviously,  steady- 
state  solutions  do  not  describe  this  effect),  which  gives 
rise  to  the  emission  of  a  pulse  of  gamma  photons. 

When  P^ofjL  decreases  and  approaches  unstable 
sections  of  the  curves,  shown  by  dashed  lines  in  Fig.  1, 
an  evolution  of  If^/Ij  may  be  accompanied  by  a  hyster¬ 
esis  with  a  jump  downward. 

The  critical  value  of  the  product  (PnQlJL)„  that  cor¬ 
responds  to  an  avalanche-like  jump  is  determined  by 
the  condition  d{Ip,/I,)ld{^n(^JL)  -  With  allowance 
for  (M ),  this  condition  yields 


(Pno7^L)„ 

2 


(I  „/!,)„  +  !/ 1,'" 


(12) 


As  can  be  seen  from  this  relationship,  there  are  no  critical 
points  for  PmoV-  <  4  at  any  value  of  the  parameter  7i/7^ 
Provided  that  >  4,  critical  points  occur  for  suffi¬ 
ciently  small  7j/7,.  Within  the  most  interesting  range  of 
large  avalanche-like  jumps,  where  (P7iq7/-)cr  >  4,  we 
can  estimate  the  required  intensity  of  igniting  pulses 
assuming  that  (JnIIXt  «  0  at  the  lower  starting  point  of 
the  jump, 

7/4  =  2/(Pno/,^)cr-  (J3) 

Discontinuities  and  hysteresis  in  dependences 
shown  in  Fig.  1  are  due  to  the  dynamic  distributed  feed¬ 
back,  which  arises  in  induced  two-quantum  emission  in 
counterpropagating  photon  beams. 


5.  DYNAMIC  DISTRIBUTED  FEEDBACK 

One  of  the  most  complex  problems  that  arise  when 
we  analyze  the  possibility  of  creating  a  gamma-ray 
laser  is  associated  with  the  necessity  to  implement  pos¬ 
itive  feedback  for  electromagnetic  radiation  where  the 
energy  of  photons  exceeds  tens  of  kiloelectronvolts. 
Proposals  to  use  Bragg  reflection  in  single  crystals  for 
creating  mirrors  and  establishing  distributed  feedback 
[1-3, 10]  have  not  received  acceptance  thus  far. 

'  Within  the  framework  of  the  approach  under  consider¬ 
ation,  one  can  also  solve  the  problem  of  distributed  feed¬ 
back  because  such  a  feedback  is  inherent  in  stimulated 
two-quantum  emission  in  the  field  of  two  counterpropa¬ 
gating  beams  of  photons  with  equal  frequencies  [11]. 
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Such  counterpropagating  beams  produce  a  standing 
wave  in  the  amplification  region  (the  main  attribute  of 
a  feedback)  in  the  absence  of  any  mirrors  or  periodic 
scattering  structures.  Formation  of  such  a  standing 
wave  does  not  require  any  material  dynamic  grating. 

Indeed,  conventional  distributed  feedback  based  on 
a  stationary  periodic  scattering  structure  [1 1]  is  charac¬ 
terized  by  a  nonzero  coefficient  of  coupling  p  of  coun¬ 
terpropagating  waves.  This  coupling  coefficient  is 
defined  as  a  variation  in  the  photon  flux  density  dl*  in 
the  backward  wave  within  length  element  dz  divided  by 
the  flux  density  I  in  the  forward  wave, 


account  a  resonant  character  of  transition.  For  a  pair  of 
'electrically  dipole  quanta  (£1,  £1)  with  frequencies  oo, 
and  (02  and  polarization  vectors  and  (01,^2  = 
1,  2),  the  matrix  element  M,2  is  given  by  the  sum  over 
intermediate  nuclear  states  with  energies  E„, 

.^^<lle„^dln>(nle„di2> 

“  2-,[  E2-E„-h(Oi 

n  ^  "  '  (18) 

<l|egd|n)(w|eq^d|2)\ 

E2-E„-h(a2  )' 


,  _  \dl^,  Ifthe  neighboring  intermediate  level  lies  between  the 

~  1  dz^^"  ^  levels  involved  in  the  considered  2  — ►  1  transition  and 

.  .  c  , .  r  has  an  energy  £,  =  ftco,  measured  relative  to  the  energy 

In  an  induced  two-quantum  process  m  the  field  of  coun-  g^g^gy  separation  of  this 

terpropagating  waves,  the  photon  flux  density  iii  the  ^j^g  getter  of  the  energy  interval  correspond- 

backward  wave  changes  in  each  event  of  stimulated  ^1^^  transition  under  consideration,  \E^  —  £*0/21,  is 

emission.  Because  of  intrinsic  features  of  induced  then  the 

emission,  newly  created  photons  are  perfectly  phase-  i^^trix  element  (18)  is  a  nonresonant  slowly  varying 
matched  and  are  emitted  into  an  appropri^e  mode,  fyootion  within  the  frequency  band  centered  at  coi  =  (Oo/2 
Therefore,  according  to  (9),  the  nonlinear  coefficient  of  ^j,ose  spectral  width  is  much  less  than  |a)j  -  (Oo/2|. 

dynamic  distributed  feedback  in  induced  two-photon  Ugjng  for  these  frequencies  the  estimate 

emission  is  given  by 

P  =  P(W2“"l)^* 
and  increases  proportionally  to  /*. 


6.  TRANSmON  PROBABILITIES 
AND  LINE  BROADENING 


32nY  1  {ed)* 

3  J  4(1  -2E/Eof 


The  probability  of  a  spontaneous-spontaneous  two- 
quantum  transition  accompanied  by  emission  of  one  of 
the  photons  within  the  spectral  interval  </(D,  near  the 
frequency  (O]  per  unit  time  is 

dW„  =  W,,/((o,)dco„  (16) 


where  W„  =  ‘s  th®  inverse  lifetime  of  a  nucleus  in 
the  upper  level  with  respect  to  a  two-quantum  radiative 
transition.  The  line  contour  of  the  frequency  distribu¬ 
tion  of  emitted  photons  ^(coi)  normalized  to  unity  is 
written  in  terms  of  an  integral  over  all  admissible  fre¬ 
quencies  (O2  of  the  second  quantum  and  over  all  emis¬ 
sion  directions  of  both  quanta. 


.  '^21  rfviw  i2V®>Vr®2y 

X  g((Oo  -  (0,  -  (02)dil\dO.2d(O2 


(17) 


X2y  (^coaVcOo-o) 


l<02  =  (Oq-CO, 


The  Lorentz  function  g((Oo  -  ©i  -  <*>2)  in  (17)  with  a 
frequency  bandwidth  AcOq,  which  is  equal  to  the  suin  of 
the  widths  of  the  upper  and  lower  levels,  takes  into 


we  derive 


X 


al{a/Xof 

(l-2£/£o)" 


iJco,, 


(20) 


where  Xq  is  th®  wavelength  of  radiation  vvith  the  energy 
of  quanta  equal  to  the  energy  £0  transition  under  con¬ 
sideration,  (Xo  =  eVihc)  =  1/137  is  the  fine-structure 
constant,  and  a  =  1.3  x  IQ-'^A''^  cm  is  the  radius  of  a 
nucleus  where  the  number  of  nucleons  is  ^ual  to  A. 
Correspondingly,  the  coefficient  a,  which  is  involved  in 
equations  (5)  and  (6)  and  which  describes  the  contribu¬ 
tion  of  spontaneous  emission  to  the  modes  of  counter- 
propagating  beams  with  frequencies  close  to  half  the 
transition  frequency,  is  given  by 


a  =  (27t) 


34  alia/X^f  _ 

- - - - -Wq. 

9(1  -2E/Eof 


(21) 


It  is  convenient  to  define  the  probability  of  stimu- 
lated-spontaneous  transitions  per  unit  time  with  the  use 

of  the  Einstein  relationship  A(a)i)/B(C0|)  =  ftc0|  /(itV) 
for  spectral  coefficients  of  spontaneous  emission, 
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and  stimulated  emission,  5((0|).  Indeed,  according  to  (16), 
the  spectral  coefficient  A(a)|)  of  spontaneous  emission 
is  equal  to  Then,  using  the  Einstein  relation¬ 

ship,  we  can  derive  an  expression  for  the  probability  of 
stimulated-spontaneous  transitions  with  Induced  emis¬ 
sion  of  photons  within  the  spectral  interval  do)]  near  the 
frequency  coj  (corresponding  to  the  wavelength  X])  per 
unit  time. 


where  M  is  the  mass  of  the  nucleus  and  T  is  the  temper¬ 
ature  of  the  gas,  and  integrate  over  all  possible  Velocity 
projections  of  the  nucleus.  This  procedure  yields  a 
Doppler-broadened  line  corresponding  to  the  fre¬ 
quency  distribution  of  emitted  photons. 

However,  we  should  note  that,  if  the  frequency 
detuning  fico  between  counterpropagating  photon 
beams  is  not  very  large,  so  that 


dWi,  =  (A.f/4)iy„/(co,)/(a),)dQ)„  (22) 


where  /(C0i)<i(0i  is  the  flux  density  of  stimulating  pho¬ 
tons  within  the  considered  spectral  band.  Hence,  with 
the  use  of  estimate  (20),  we  can  find  an  expression  for 
the  constant  y,  which  is  involved  in  equations  (5)  and 
(6)  and  which  includes  the  contribution  of  stimulated- 
spontaneous  transitions  to  the  modes  of  counterpropa¬ 
gating  beams  with  frequencies  close  to  half  the  transi¬ 
tion  frequency  (A,, «  2Ao), 


Y 


tito(Q/A.o) 

(1  -2E,/£o)' 


(23) 


,  \n 

|5a)|  <  |5o0o|  =  AcOqc/Am  =  AcOo(Mc  /kT)  , 

(28) 

where  Am  =  {kTIM)^'^  is  the  variance  of  the  nuclear 
velocity  corresponding  to  the  distribution  function 
(27),  we  can  neglect  the  Doppler  term  8t0M/c  in  the 
argument  of  the  Lorentz  function  (26)  for  the  over¬ 
whelming  majority  of  the  emitters. 

Provided  that,  in  addition,  the  term  ft(8a))^/(2A/c^)  in 
the  argument  of  the  function  (26),  which  describes  the 
recoil  effect  in  emission,  is  much  less  than  the  homoge¬ 
neous  width  AcOg  of  the  transition,  which  is  true  for  the 
detunings  that  satisfy  the  inequality 


The  probability  of  stimulated-stimulated  transitions 
with  induced  emission  of  photons  within  spectral  inter¬ 
vals  d(0i  and  <i®2 frequencies  ®i  and  ®2  P®*" 
unit  time  is  given  by 


dW;;  =  (A.f/4)(A.2V4)iy„/(®,) 

X  g(mo  - 

where  /(®,)</®,  and  /*(M2)dco2  are  the  flux  densities  of 
stimulating  photons.  Correspondingly,  the  constant  P 
of  stimulated  two-quantum  emission,  which  is  involved 
in  equations  (5)  and  (6),  is  written  as  (Xi  =’^2  =  2Xo) 


oc^aVA®o 

(1  -2£/£o)'‘ 


(25) 


To  take  into  account  the  motion  of  emitters,  we 
should  include  the  Doppler  shift  of  the  frequencies  ra, 
and  ^2  in  the  right-hand  side  of  (17).  In  particular,  the 
Lorentz  functions  should  be  replaced  by  the  distribu¬ 
tion  function 


g(Mo  -  ft(5ffi)V(2Mc^)  +  5®(h/c)  -  ®,  -  W2).  (26) 

which  gives  the  relation  between  the  frequencies  of 
counterpropagating  quanta  emitted  by  a  nucleus  with 
the  velocity  projection  on  the  direction  of  emission  of 
the  first  quantum  equal  to  u.  Next,  we  should  multiply 
the  derived  expression  by  the  probability  that  the  veloc¬ 
ity  projection  of  a  nucleus  falls  within  the  interval  from 
M  to  u  +  du. 


,  1/2 

|8w|  A®o(2Mc ViiAWo)  .  (29) 

we  can  neglect  this  term  as  well. 

Comparison  of  inequalities  (28)  and  (29)  shows 
that,  if  2kT  >  ftAWg.  which  is  usually  true  for  nuclear 
transitions,  the  Lorentz  function  (26)  for  a  moving 
nucleus  can  be  replaced  by  the  Lorentz  function  for  a 
motionless  nucleus.  Then,  the  integration  over  all  pos¬ 
sible  velocity  projections  u  is  reduced  to  the  integration 
of  F(m)  defined  by  (27),  which  yields  unity.  This 
implies  that  stimulated  emission  into  a  group  of  modes 
within  the  band  (28)  near  the  central  frequency  000/2 
involves  virtually  all  nuclei  in  the  gas.  As  a  result,  the 
spectrum  of  stimulated  emission  features  a  maximum 
with  a  width  on  the  order  of  |8®ol  =  A®o®/A“  n®*’’  ^® 
central  frequency  Wo/2. 

Note  also  that,  for  the  overwhelming  majority  of 
nuclei  in  a  gas,  the  Doppler  shift  of  frequencies  of  emit¬ 
ted  quanta  should  not  exceed  the  frequency  separation 
from  the  neighboring  intermediate  level.  Otherwise,  in 
analyzing  the  motion  of  nuclei,  we  should  take  into 
account  resonant  denominators  in  the  matrix  element 
Mi2  (18),  and  the  estimate  (20)  and,  consequently,  for¬ 
mulas  (21),  (23),  and  (25)  become  inapplicable.  In 
addition,  what  is  even  more  important,  in  the  case  of  an 
exact  resonance,  stimulated  two-quantum  transitions 
do  not  offer  the  above-considered  advantages  any 
longer  because  such  transitions  occur  through  two 
sequential  cascade  single-quantum  transitions  2  — ►  s 
and  s  — ►  1.  Thus,  although  it  i>  desirable  to  ensure  a 
small  denominator  in  the  expression  for  the  constant  P 
of  stimulated  two-quantum  emission  (25),  the  detuning 
from  the  exact  resonance  should  be  limited  by  a  vdue 
that  is  considerably  greater  than  half  the  Doppler  width 
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of  the  line  corresponding  to  a  single-quantum  cascade 
transition, 

(1  - 2E/E,f  >  2{kT/Mc^)\n2 
=  1.2x  10'"(7’/A). 

To  be  able  to  neglect  the  components  of  homogeneous 
broadening  due  to  a  finite  transit  time  and  collisions,  we 
should  require  that  the  inverse  transit  time  (Ar)"‘  of  nuclei 
through  the  amplification  region  and  the  inverse  time 
interval  between  collisions  should  be  small,  (A/)“'  <  AtOg. 
These  requirements  impose  restrictions  on  the  size  of 
the  amplification  region  and  the  total  concentration  of 
nuclei  n, 

,  1/2 

L  >  w/AcOg  =  (c/AQ)g)(3/:r/Mc  )  ,  (31) 

,  1/2 

n  AcOg/(ag«)  =  (AcOg/cOg)(Mc  /3kT)  ,  (32) 

where  u  =  {3kTIM)''^  is  the  root-mean-square  velocity 
of  the  thermal  motion  of  nuclei  and  Og  is  the  gas-kinetic 
cross  section. 

Finally,  the  second-order  Doppler  broadening, 
which  is  inevitable  in  a  two-quantum  process,  should 
be  less  than  the  homogeneous  width, 

Aroo’  =  (OoikT/Mc^)  Acog.  (33) 

Along  with  the  thermal  motion  of  nuclei,  Doppler 
broadening  may  be  due  to  the  scatter  in  velocities 
acquired  by  nuclei  in  the  process  of  laser  pumping  if  the 
time  is  too  short  for  the  thermalization  of  nuclei  to 
occur.  Specifically,  being  isotropically  pumped  with  an 
incoherent  source  of  gamma  photons  with  an  energy 
h(Op,  a  nucleus  acquires  a  momentum  hxOp/c  of  an 
absorbed  quantum.  The  maximum  possible  velocity 
difference  is  equal  to  twice  the  acquired  velocity, 
2c(h(Op/Mc^),  which  gives  an  estimate  for  the  corre¬ 
sponding  effective  temperature: 

A:T,ff=  (Aco^)  V(Mc^).  (34) 

7.  NUMERICAL  ESTIMATES 

In  this  section,  we  present  estimates  for  a  hypothet¬ 
ical  “fortunate”  nucleus  with  A  =  150  and  an  intermedi¬ 
ate  level  s  lying  between  the  levels  involved  in  the  laser 
transition  with  a  detuning  1 1  -  2E,/Eq\  =  2x10^.  Then, 
at  r=  300  K,  inequality  (30)  would  be  satisfied  even  if 
the  right-hand  side  of  this  equality  were  larger  by  a  factor 
of  ten.  For  such  a  detuning,  expressions  (23)  Md  (25) 
give  the  following  estimate  for  the  constant  of  stimulated 
emission:  P  =  (2.3  x  KT*®  cm'')/Ac0g.  For  Ep  =  10®  eV,  the 
constant  of  spontaneous-stimulated  emission  is  esti¬ 
mated  as  Y  =  2.4  X  10-“  cm^. 

In  accordance  with  (8),  the  threshold  spectral  flux 
density  of  igniting  photons  can  be  estimated  as  /g/Acijg  = 
3  X  10'®  cm"^,  where  we  assumed  that  n2o  =  0.8n  and 


%  =  0.6/1  and  took  into  account  that  the  scattering  of 
■  gamma  quanta  with  an  energy  of  about  50  keV  mainly 
occurs  through  photoionization  of  atoms  with  the  scat¬ 
tering  cross  section  CJ  =  6  x  10"“  cm^. 

With  allowance  for  (13),  the  requirement  /,•  >  Iq  (8) 
yields  (/ioL)„  <3x10^'  cm*^.  This  inequality  can  be  sat¬ 
isfied,  for  example,  with  /ig  =  10'^  cm"®  and  L  =  200  m. 
For  Og  =  10"'®  cm^,  restrictions  (31)  and  (32)  give  L  > 
(2.2  X  10^  cm  s-')/A()Oo  and  n  <  (4.5  x  10"  cm"®  s)AcOo. 
These  inequalities  do  not  contradict  the  chosen  values 
of  the  inverted  population  /ig  (the  concentration  of 
nuclei  in  this  case  is  n  =  /ig/0.6  =  1.7  x  10*’  cm"®)  and 
the  size  L  of  the  amplification  region  if  the  emission 
bandwidth  meets  the  condition  Ao)g  >  10®  s"'.  The 
restriction  (33)  on  the  magnitude  of  the  second-order 

Doppler  effect  is  reduced  to  the  inequality  Aco^  =  2  x 
10’  S'*  <  AcOg.  An  estimate  of  the  effective  heating  by 
pumping  in  accordance  with  (34)  yields  7  =  10  K, 
which  is  much  lower  than  the  temperature  of  the 
medium,  T  =  300  K. 

According  to  (13),  the  critical  spectral  density  of 
the  photon  flux  in  the  igniting  beams  is  estimated  as 
/(•/Arog  =  4.3  X  10'®  cm"^ 

Finally,  let  us  compare  the  estimated  spectral  den¬ 
sity  of  the  photon  flux  in  the  igniting  beams  with  the 
capabilities  of  the  available  sources  of  gamma  radia¬ 
tion.  The  spectral  density  of  the  photon  flux  in  synchro¬ 
tron  radiation  (within  a  solid  angle  of  10"®  sr)  is  esti¬ 
mated  as  approximately  10  cm"’  [12],  which  is  many 
orders  of  magnitude  lower  than  the  required  value  of 
//AcDg.  Although  X-ray  lasers  ensure  a  higher  spectral 
density  of  the  photon  flux,  about  10'®  cm"’  [12],  such  a 
spectral  density  of  the  photon  flux  is  lower  than  the 
required  one  by  three  orders  of  magnitude.  In  addition, 
the  pulse  duration  of  radiation  produced  by  X-ray 
lasers  is  not  sufficient  to  ensure  ignition. 

8.  STIMULATION  OF  GAMMA  EMISSION 
FROM  NUCLEI  AS  A  METHOD 
OF  ECOLOGICALLY  S/^FE  POWER 
PRODUCTION 

The  horizons  of  using  stimulated  radiative  processes 
in  nuclei  for  power  production  were  discussed  already 
in  the  pioneering  proposals  on  gamma-ray  lasers.  Spe¬ 
cifically,  creating  a  nuclear  reactor  that  can  be  used  as 
a  source  of  energy  both  in  the  pulse  and  continuous 
regimes  was  indicated  as  one  of  the  main  applications 
of  the  device  proposed  in  [13]. 

In  fact,  operation  of  a  gamma-ftiy  laser  is  one  of  the 
modifications  of  nuclear  reactions,  namely,  a  chain  reac¬ 
tion  of  induced  transitions  in  excited  nuclei.  This  circum¬ 
stance  was  highlighted  in  the  title  of  the  first  technical 
report  on  this  problem  (see  reference  [5]  in  [14]). 

The  energy  accumulated  by  excited  states  of  iso¬ 
meric  nuclei  is  about  50  MJ/g  (see  table),  which  is 
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Table 


Isomer 

4,Nb”'” 

47Ag‘®*'" 

67H0'®®'" 

73Ta'*0'" 

75Re'*®" 

77lr‘’2'" 

gjBF'O" 

Lifetime,  years 

13.6 

127 

1.2  X  10’ 

31 

1.2x  10'5 

2x  10-'' 

241 

3x10* 

Transition  energy,  keV 

30 

79 

75 

262 

Spin  of  the  initial  state 

1/2- 

6 

7 

9- 

9- 

Spin  of  the  final  state 

9IT 

1 

2- 

0+ 

u 

1- 

Multipolarity 

M4 

M5 

E5 

M8 

E8 

Energy  content,  MJ/g 

31 

70 

40 

120 

Time  of  transformation  of  a  prod¬ 
uct  into  a  stable  isotope 

0 

2.4  min 

27  h 

0 

8.1  h 

91  h 

74  days 

138  days 

approximately  two  orders  of  magnitude  lower  than  the 
specific  energy  content  of  nuclear  fuel  used  in  nuclear 
fission  and  three  orders  of  magnitude  higher  than  the 
heat-producing  capability  of  hydrocarbon  chemical 
fuel.  Advantages  and  drawbacks  of  such  an  intermedi¬ 
ate  position  of  energy  released  in  gamma  emission 
determine  the  status  of  possible  gamma-laser  chain 
reaction  in  the  hierarchy  of  power  production.  The 
main  argument  in  favor  of  such  a  method  of  power  pro¬ 
duction  is  its  ecological  safety,  i.e.,  the  absence  of 
medium-  and  long-lived  radionuclides  in  the  products 
of  this  reaction  (see  table). 

Being  implemented  in  the  pulse-periodic  regime, 
the  above-considered  method  of  the  external  ignition  of 
a  stimulated  radiative  nuclear  reaction  holds  much 
promise  as  one  of  the  ways  to  solve  the  problem  of  eco¬ 
logically  safe  power  production. 

9.  CONCLUSION 

The  performed  analysis  reveals  the  main  advantages 
and  drawbacks  of  the  method  of  external  ignition  of 
stimulated  two-quantum  emission  from  free  excited 
nuclei  using  counterpropagating  photon  beams.  The 
advantages  and  drawbacks  of  this  technique  can  be 
"summarized  as  follows: 

(1)  In  contrast  to  single-quantum  emission  in  an 
ensemble  of  nuclei  with  a  Doppler-broadened  gain  line, 
emission  of  gamma  quanta  into  a  selected  mode 
involves  virtually  all  nuclei  regardless  of  their  individ¬ 
ual  velocities; 

(2)  A  specific  dynamic  distributed  feedback,  which 
is  characteristic  of  stimulated  two-quantum  emission  in 
counterpropagating  beams  only,  is  established  in  the 
absence  of  any  reflective  structures; 

(3)  Because  of  the  nonlinearity  of  the  feedback,  with 
a  coefficient  proportional  to  the  intensity  of  the  photon 
beam,  excitation  of  nuclei  is  removed  in  an  avalanche¬ 
like  manner,  which  is  accompanied  by  the  emission  of 
a  giant  pulse  of  gamma  quanta; 


(4)  At  present,  the  implementation  of  such  a  process 
is,  impeded  by  the  absence  of  sources  of  igniting 
gamma  quanta  with  a  sufficient  intensity.  Therefore,  the 
advantages  of  the  proposed  technique  may  manifest 
themselves  only  in  designing  a  final  stage  of  a  source  of 
gamma  quanta  (e.g.,  in  an  X-ray  or  gamma-ray  laser, 
relativistic  undulator,  free-electron  laser,  etc.)  for  pro¬ 
ducing  a  short  pulse  of  gamma  photons  with  a  high 
peak  amplitude. 
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Abstract 

Induced  annihilation  of  positronium  atoms  ignited  by  two  counterproragating  intense 
photon  beams  is  discussed.  The  performed  analysis  reveals  the  main  advantages  and 
drawbacks  of  the  method  of  external  ignition  of  induced  annihilation  of  positronium  atoms, 
which  can  be  summarized  as  follows; 

•  A  specific  dynamic  distributed  feedback,  which  is  characteristic  of  induced  two-quantum 
emission  in  counterpropagating  photon  beams  only,  is  established  in  the  absence  of  any 
reflecting  structures. 

•  Due  to  nonlinearity  of  the  feedback,  the  induced  annihilation  of  positronium  atoms  is 
realized  in  avalanche-like  manner,  which  is  accompanied  by  the  emission  of  a  giant  pulse  of 
coherent  gamma  quanta. 

•  It  is  possible  to  lower  the  requirements  to  the  igniting  photon  source  by  making  use  of  a 
relativistic  motion  of  positronium  atoms  to  reduce  the  photon  energy,  the  photon  density 
and  the  angular  divergence  of  one  of  the  igniting  beam. 

•  There  might  be  no  need  in  the  second  external  igniting  beam  at  all.  The  spontaneous 
photons  emitted  in  spontaneous-stimulated  annihilation  transitions  caused  by  the  first 
igniting  photon  beam  only  are  perfectly  matched  both  in  frequency  and  direction  to  play 
the  role  of  the  contrary  igniting  photon  beam. 

•  At  present,  the  implementation  of  such  a  process  is  impeded  by  the  absence  of 
monokinetized  positronium  beams  and  by  the  absence  of  sources  of  igniting  photons, 
which  combine  a  sufficient  pulse  duration  with  high  brightness. 


MHAyuiipoBaHHa$i  aH  Hum  jib  141151  aroMOB  no3MTpoHii5i  npii  BHeiuHeM 

noflJKiire 

A.A.3adepHoecKuu,  JI.A.PuenuH 


1.  BseAeHiie 

AHTHMaTepHJI,  KEK  HfleajIbHblH  HCTOHHHK  COCTOJIHHH  C  OTpHUaTCJIbHOH 
TeMneparypoH  [1,  2],  aaBHO  npHBJieKaer  BHHManne  HccjieflOBaxejieH,  HmyinHx  nyrH  k 
noJTyneHHK)  KorepeHTHOH  rcHepauHH  raMMa-KBaHxoB  h,  b  KonenHOM  Hxore,  cos^aHHio 
raMMa  Jiaaepa.  OcoGenno  Hacxo,  KaK  HaHMenee  aKaoxHHecKaa,  paccMaxpHBajiacb  b  3xom 
OXHOmCHHH  peaKUHa  aHHHXHJWUHH  ajieKXpOHOB  H  n03HXp0H0B  [3-10],  B  flaHHOH  pa6oxe 
HCCJieflyeXCH  B03M0>KH0CXb  BHeUIHerO  nOfl^HXa  BCXpCHHblMH  (j)OXOHHbIMH  nyMKaMH 
JiaBHHOo6pa3HOH  HHflyUHpOBaHHOH  aHHHXHJiaaHH  aXOMOB  n03HXp0HHJI. 

KaK  H3BecxHO  [11],  npH  Majibix  oxHOCHxejibHbix  CKOpocxax  cBo6oflHbix  ajieKxpoHOB 
H  no3HxpoHOB  v<«c  (a  -  nocxoHHHaH  xoHKoil  cxpyKxypbi,  c  -  CKopocxb  cBexa  b  BaKyyMe) 
cxaHOBHxca  cymecxBeHHbiM  KyjioHOBCKoe  npHxaxccHHe  we^K^y  nacxHuaMH  h  hx 
aHHHXHJiauH^  npoHcxoflHx  B  6ojibmHHCXBe  cjiynacB  nepes  cxaflHio  o6pa30BaHHa 
BOflopoflono;^o6Horo  CBaaaHHoro  cocxoaHHH  sjicKxpoHa  h  noaHxpona  -  axoMa  no3HxpoHHa. 
B  HH3meM  3HeprexnHecKOM  cocxojihhh  axoM  noaHxpoHna  cymecxByex  b  flByx  BH^ax:  c 
aHXHnapajiJiejibHbiMH  cnHHaMH  ajiCKxpoHa  h  no3nxpoHa  (napano3HxpoHHH)  h 
napajiJiejibHbiMH  cnHHaMH  3jieKxpoHa  h  noanxpoHa  (opxono3HxpoHHH).  Ochobhoc 
cocxoHHHe  opxonoaoxpoHHjj  co  cohmom  paBHbiM  eflHHHue  xpexKpaxHO  Bbipoxcaeno  no 
npoeKUHHM  cnHHa  h  no3xoMy  axoMOB  opxonoanxpoHim  oGpaayexca  b  xpn  paaa  6ojibme,  hbm 
axoMOB  napanoanxpoHHH.  B  cnjiy  aaKonoB  coxpaneHHn  anepran  h  Hwnyjibca  n  aaKona 
coxpaHeHim  aap^flOBon  hcxhocxh  npn  ajieKxpOMarnnxHbix  BaanMOflencxBHax,  axoM 
napano3HxpoHHH  aHHHrnjinpyex  c  ncnycKanneM  xojibKo  nexHoro  nncjia  (Asyx  h  6ojiee) 
(J)OxoHOB,  a  axoM  opxonoanxpoHna  -  c  ncnycKanneM  xojibKO  HenexHoro  nncjia  (xpex  n 
6ojiee)  4>oxohob.  B  CBaan  c  3xhm,  o6a  BH^a  axoMOB  noanxpoHHH^  OKaabiBaioxca 
HpeaBbiHaiiHO  npHBjieKaxejibHWMH  fljia  npHMeHenna  Mexo^a  BHemnero  noflxcnra 
HHflyUHpOBaHHOH  aHHHXHJWUHH  C  HOMOmbK)  BCXpeHHbIX  HHXeHCHBHbIX  ^JOXOHHblX  nyHKOB. 


2.  MeTOA  BHeuiHero  noA)Kiira  HHAyUMpo'eaHHOM  aHHurMJiniJiMii  nosiiTpoHiin 

Merofl  BHeuiHero  noflacHra  BcrpeHHbiMH  ^JOTohhhmh  nyHKaMH  flByxKBaHTOBoro 
npoi^ecca  CTHMyjiHpoBaHHoro  HcnycKaHna  BnepBwe  npefluoacen  b  [12],  Bosmo^choctb 
npHMCHeHHfl  3Toro  werofla  k  kojickthby  CBo6oflHbix  B036y>KfleHHbix  aa;ep  noapoGno 
paccMorpena  b  [13],  noKasano,  hto  b  otjihmhc  ot  oAHOKBanroBoro  npoqecca  HcnycKaHHfl  c 
flonjiepoBCKHM  yuiHpeHHeM  jimhhh  ycHjieHHa,  b  npoi;ecc  HHayUHpoBaHHoro  uajiyHCHHa 
raMMa  KBaHXOB  bo  BcrpeHHbix  nyHKax  (Jiotohob  c  aneprHHMH  6jih3khmh  k  nojiOBHHC 
3HeprHH  aaepHoro  nepexofla  BOBnexaiOTca  npaKTHnecKH  Bce  aapa,  HeaaBHCHMO  or  hx 
CJTynaHHbix  HHflHBH^yajibHbix  CKopocreii.  IIpH  3tom,  ycraHaBjiHBaerca  npHcyiHHH  jiHuib 
flByXKBaHTOBOMy  CTHMyjIHpOBaHHOMy  HCnyCKaHHK)  CneUHajlbHblH  BHA  flHHaMHHeCKOfi 
pacnpeaeiieHHOH  oGpaxHOH  cbh3h  6e3  KaKHX-jiH6o  oxpaacaiomnx  cxpyKxyp.  HenHHeHHOcxb 
o6paxHOH  CBH3H  Bbi3biBaex  jiaBHHOo6pa3Hoe  CHHXHe  B036y»gieHHJi  aaep, 
conpoBOJKnaioiueeca  HajiyneHMeM  PHranxcKoro  HMiryiibca  raMMa  KBanxoB. 

IlpHMeHeHHe  Mexoaa  BHeuiHero  nofl^nra  k  ancaMGiiK)  axoMOB  no3HxpoHna  HMeex 
pan  oco6eHHOCxeH  [14]  ,  oGycnoBiieHHbix  aHHHrHJiaiiHeH  no3HxpOHHa  b  npouecce 
H3iiyHeHHa,  xo  ecxb  HCHeanoBenHeM  HOCHxena  HMuynbca  npH  HcnycKaHHH  raMMa  KBanxoB. 
B  CBa3H  c  3XHM,  HaupHMep,  aHHHrHjiauHa  noKoameroca  axoMa  napano3HxpOHHa 
conpoBoacnaexca  HcnycKaHHCM  nnyx  KBanxoB  cxporo  npoxHBononoxcHoro  HanpaBnenna  h 

onHHaKOBOH  3HeprHH  TlcOq  «  mc^  =  0,5 1 1  Mob  ,  paBHofi  hohobkhc  anepruH  ochobhopo 

cocxoaHHa.  /^BHacyI^HHca  ace  c  HexoxopoH  CKOpocrrbK)  v  axoM  napanoampoHHa  ne  Moacex 
(b  oxnHHHe  ox  CBo6oflHoro  anpa)  HcnycxHXb  nsa  oflHHaKOBbix  raMMa  KBanxa  b 
npoxHBononoacHbix  nanpaBiieHHax.  AHHHPHJiauHa  napano3HxpoHHH  npenaxcxByex 
BbinojiHeHHK)  3aKOHa  coxpanenHa  HMiiyiibca  b  3xom  npouecce.  HoaxoMy  numvi 
aHHHrimauHOHHoro  HanyHCHHa  KOiuieicxHBa  axoMOB  napano3HxpoHna  HMeex  nonnepoBCKyio 
uiHpHHy  AOqW  npH  oGjiyneHHH  BCXpeuHbiMH  nonacnraioiuHMH  nyuKaMH  (|)oxohob, 

cocpeflOxoneHHbix  b  HacxoxHoii  nonoce  Ao)  b6jih3h  nacxoxbi  cOq  ,  b  npouecc 
HHflyuHpoBaHHoii  aHHHPHiiauHH  OKa3biBaK)xca  BOBJieneHHbiMH  iiHuib  Manaa  nona 
E  =  Acoj Aco^  axoMOB  no3HxpoHHa,  npHHanaeacaiuHx  ueHxpaiibHOMy  yHacxKy  hx 

cKopocxHoro  pacnpeneaeHHa  B6aH3H  v=0  . 


BosHHKaiomHe  b  cbhbh  c  3thm  noBbiiueHHbie  Tpe6oBaHHH  k  mohokhhcthhhocth 
nyHKa  axoMOB  nosHTpoHPia  Moryr  Gbixb  yflOBJiexBopeHbi  c  noMombK)  pasjiHHHbix  mctoaob 
npeflBapHTejibHoii  MOHOKHHerHsauHH  ajieicrpoHHoro  h  nosHxpoHHoro  nyHKOB,  npH 
CMeiiiHBaHHH  KOTopbix  o6pa3yeTca  nosHxpoHHH.  npocTefiuiHM  H3  HHX  HBjiaerca  Merofl 
ycKopcHHa  sapaxceHHbix  nacrau  npH  o;iHOBpeMeHHOM  BosaeficTBHH  HMnyjibCHoro 
ajiCKTpHMecKoro  nojw  na  Bce  nacTHUbi,  coflepjKainHeca  b  Me5K3jieKTpoAHOM  npoMexcyrKC 
[15]. 

BaxcHbiM  npeHMymecTBOM  aroMOB  no3HTpoHna  nepea  sapamh  aBjiaerca 

B03M0aCH0CTb  HCn0Jlb30BaHHa  peJWTHBHCTCKHX  n03HTp0HHeBbIX  nyMKOB,  HTO  CymeCTBCHHO 
CHHXcaer  Tpe6oBaHHfl  k  HcroHHHKy  noA>KHraK)mHX  (|)otohob  BCxpeMHoro  HanpaBJieHHH.  Tax, 
SHepruH  noAxcHraiomHX  4)otohob,  Koxopaa  b  CHCxcMe  noKoa  napano3HxpoHHa  AOJiacna 

6bixb  paBHOH  TicOq  «  mc^  =  0,51 1  M3b  MOxcex  6bixb  yMenbiueHa  6jiaroAapa  AonjiepoBCKOH 

xpaHc4)opMauHH  ao  BejiHHHHbi  onpeACJiaeMOH  paBeHCXBOM 


.  me 


(1) 


XAC  y  -  pejiaxHBHCXCKHH  (J)aKxop  nyHKa  axoMOB  noanxpoHHB.  HanpHMep,  npn  anepran 
3jieKxpoHOB  H  no3HxpoHOB  B  nyMKC  «  260  M3b  «  500  )  3HeprHB  noAacnraioiAHx 

(J)0X0H0B  MOHcex  Gbixb  yMeHbiueHa  b  10^  pa3  h  cxaxb  pasHon  /i<yjgj,=0,5K3B. 


OAHOBpCMeHHO  C  3XHM,  B  CHCXCMC  KOOpAHHaX  ABH^mCHCa  BMeCXC  C  aXOMaMH 
no3HxpoHHa  B  y  pa3  yBejiHHHBaexca  njioxnocxb  ^oxohob  bo  BCxpennoM  noAacnraioiAeM 

nyHKC,  a  yrjioBaa  pacxoAHMOCXb  AQ  yMenbuiaexcH  b  +  (^*”  ~  1)*'^^  j  ^4y^  paa.  B 
peayjibxaxe,  apKocxb  (cncKxpajibHO-yrjiOBaa  njioxnocxb  noxoKa  (|)oxohob)  3xoro  nyHKa 
4)otohob  Bospacraer  b  4/  pas,  hto  jijui  npHBeaeHHoro  hhcjichhofo  npHMepa  cocraBjMer 

g 

3HaHHXejIbHyK»  BCJlHHHHy  5.10  . 

PaayMcexca  Apyron  nynoK  4>otohob,  coanaAaioiAHH  c  HanpaBjicnneM  ABHacenna 
axoMOB  noanxpoHHB,  ncnwxbiBaex  oGpaxnyio  xpaHC(|)opMauHK)  n,  noaxoMy,  anepraji 

noA^cnraioiAHx  (J)oxohob  b  hcm  AOJiacna  6bixb  HpeaBbiHanno  6ojibmoH  2mc  ^=0,5r3B. 


Cjieayex  oTMeruxb,  oflHaKO,  hto  ^otohsi  HyacHOH  SHepran  h  Hy>KHoro  HanpaBjiCHHa 
poacflaK)Tca  B  Kaac^ioM  aicre  flByxKBaHTOBoS  cnoHxaHHO-CTHMyjiHpoBaHHOH  HajiyHaxejifaHOH 
aHHHrHJwuHH  axoMOB  napanosHxpoHHB,  BbiSBaHHOH  oahhm  xojibKo  nepBbiM  noA^HraromHM 
nyMKOM.  B  xaKHx  paaHauHOHHbix  nepexoflax  BHCiiiHee  ajieKxpoMaxHHXHoe  HSJtyHeHHe 
cxHMyjiHpyex  JiHuib  OAHy  nacxb  AByxKBanxoBoro  nepexoAa  k  HcnycKaHHio  ^^oxona,  BxopoH 
xce  4)Oxoh  HSJiynaexca  cnoHxaHHO.  IIpH  3xom,  corjiacHO  saKOHaM  coxpaHCHHa  snepraH  h 
HMiiyjibca  B  CHCxcMe  noKoa  axoMa  no3HxpoHna  nacxoxbi  o6ohx  (|)oxohob  coanaAaiox,  a 
HanpaBACHHC  Bbijiexa  cnoHxaHHoro  4)oxoHa  cxporo  npoxHBonoAOxcHO  HanpaBJieHnio 
cxHMyjiHpyiomero  HSJiyHeHHa.  PoxcAeHHbie  xaxHM  oSpaaoM  cnoHxaHHbie  (|)oxoHbi  HAcajibHo 
noAxoAax  am  nocjiCAyiomero  ynaoxHa  b  axxax  AsyxKBaHxoBOH  cxHMyAHpoBaHHO- 
CXHMyAHpOBaHHOH  aHHHXHAaUHH  aXOMOB  nOSHXpOHHH  H,  CABAOBaxeAbHO,  Moiyx  Hxpaxb 
pojib  Bxoporo  noA»:Hraiomero  nyHKa. 

Heo6xoAHMO  noAHepKHyxb,  hxo  xanaa  acecxKaa  CBasb  McacAy  cxHMyjiHpoBaHHbiM  h 
cnoHxaHHbiM  yHHKajibHa  hmchho  am  npouecca  aHHHrHAauHH,  KOXAa 

npoHcxoAHx  HCHesHOBeHHc  HSJiyHaxejia.  IIpH  HAcpHbix  AByxKBanxoBbix  cnoHxaHHO- 
cxHMyjiHpOBaHHbix  nepexoAax  yroji  BbiJiexa  cnoHxaHHoro  ^^OTOHa  no  oxHOuienHio  k 
HanpaBJiCHHK)  cxHMynnpyiomero  HajiyHenna  Moxcex  HSMenaxbCH  b  uinpoKHx  npCACJiax  ox  0 
AO  2;r,  a  HMnyjibc  oxabhh  npwHHMaex  na  ce6a  sApo. 

CneuH(j)HHecKHMH  CBOHCXBawH  o6jiaAaex  BneinHnn  noAacnr  xpexKBanxoBon 
HHAyunpoBannoH  aHHHrnjiauHH  opxonosHxpoHHH.  B  cnjiy  saKonoB  coxpaneHHH  anepran  h 
HMnyjibca,  SHepran  hQ)^,hG)2,hc02  xpex  HcnymenHbix  aHHnrnjiaunoHHbix  (J)oxohob 

AOJixcHbi  H3o6pa>Kaxbca  AJiHnaMH  cxopon  xpeyrojibHHKa  c  nepnMCxpOM  2mc  .  IIoaxoMy 
BCXXOpbl  HMnyjlbCOB  3XHX  (j)OXOHOB  H  yrjibi  MCXCAy  HHMH  nOJIHOCXbK)  OnpeACJIHIOXCa 
aaAaHHCM  3HeprHH  AByx  (j)0X0H0B.  IIpH  3xom,  bcjih  ABa  $oxoHa  HMcrox  cyMMapnyK) 

3HeprHK)  ho)^  ^%(D2  =  me  ,  TO  HMnyjibCbi  Bcex  xpex  4)otohob  aoji^chh  jie^axb  Ha  oahoh 

npaMOH  H  xpexHH  4)oxoh  c  aneprHeH  %(ih^  =  mc  HcnycKaexca  b  nanpaBACHHlH  b  xohhocxh 

o6paxHOM  HanpaBjieHHKD  HcnycKanHH  nepBbix  AByx.  J^m  BHeuinero  noA>KHra  “nojiHocxbio” 
cxHMyjiHpoBaHHOH  aHHHXHAHUHH  xcncpb  noxpe6yexcH  xpH  nyHKa  4)oxohob  -  ABa 
napajuienbHbix  b  oahom  nanpaBjienHH  h  oahh  b  npoxHBonojiojKHOM  nanpaBjienHH. 


Oco6oe  SHaHeHHe  HMeer  BwpOKZieHHbiH  cjiynaH  paBencTBa  SHepraii 
hco^  =  fi(02  =  niC^/2 ,  Koraa  aea  napajuiejibHbix  noxoKa  4)otohob  oahofo  HanpaBjieHHH 
CJIHBaiOTCa  B  OZIHH  nOTOK,  Ka>KflbIH  (J)OTOH  KOTOpOFO  HH^iyUMpyCT  B  aKTC  aHHHFHJMpHH 

opTono3HTpoHHa  HcnycKaHHe  cpasy  ;[iByx  KBanroB  c  aHepraeS  tiCO  =  Vll(^  12. .  B  pesyjibTaxe 

K034)4)HPHeHX  ycHJieHHfl  3X0X0  nyHKa  4)oxohob  Bospacxaex  baboc  no  cpaBHCHHio  c  n)^KOM 
BCXpCHHblX  450TOHOB.  IIpH  3X0M,  yCJIOBHa  flOnjiepOBCKOFO  pejiaXHBHCXCKOFO 
npeo6pa30BaHHa  nacxoxbi  nofl>KHFaK)mHX  4)oxohob  b  3xom  nyHKC  baboo  6ojiee  Maxioie,  hcm 
npn  noA^Hxe  AByxKBaHxoBoii  HHayunpoBaHHOH  aHHHXHjwuHH  napanoanxpoHHa  (1). 
HanpHMop,  npn  3HepFHH  nofl)KHFaiomHX  4)oxohob  ^<2?jg„=0,5K3B  xenepb  AOCxaxoHHO 

HCn0Ab30BaXb  pejWXHBHCXCKHH  nyMOK  aXOMOB  OpXOnOSHXpOHPW  C  OHepFHCH  3AeKXpOHOB  H 
no3HxpoHOB  mc^7  =  130M3B  (;^«250)  npoxHB  26OM3B  ana  AByxKBanxoBOH 

aHHHFHJiauHH  napano3HxpoHna. 

HenpeMOHHbiM  axpnGyxoM  cxHMyjinpoBaHHon  aHHHFHJiauHH  no3HxpoHHa  b  nojie 
flByx  BCxpcHHbix  nyMKOB  4)oxohob  HBjiaexca  AHHaMnnecKaa  pacnpeAeJienHaa  o6paxHaH  cBasb 
MCaCAy  BCXpCHHblMH  BOJlHaMH.  PoJKAOHHbie  (JjOXOHbl  nO  CaMOMy  CMbICJiy  HHAyUnpOBaHHOrO 
H3JiyHeHHa  OKasbiBaioxcH  6e3ynpeHHO  c4)a3HpoBaHHbiMH  h  nonaaaKDX  b  Hyacnyio  Moay. 
HejiHHCHHOCXb  o6paxHOH  CBa3H  onpeaejiaex  flHnaMHKy  ycnjicHna  BCxpenHbix  nynKOB 
4)oxohob  h  npH  onpeACJieHHbix  ycjiOBHHX  Bbi3biBaex  jiaBHHOoGpaanyK)  HHAyiiHpoBaHHyK) 
aHHHFHJiauHK)  axoMOB  nosHxpoHHH,  Koxopaa  conpoBoacAaexca  H3JiyHeHHeM  XHxaHXCKOFO 
HMnyabca  xaMvia  kbbhxob. 

3.  fliiHaMHKa  yciineHMa  BcrpeMHbix  noAJKMraioiiiiix  nyHKOB.  RapanoaiiTpoHiiM. 

B  CHCxeMC  KOopflHHax,  ABHacymenca  bmccxc  c  nyMKOM  axoMOB  napanoanxpoHHa  c 
KOHueHxpaiiHen  N  ,  ycHaenne  BCXpCHHbix  hoxokob  xaMiwa  kbbhxob  c  naoxHocxK)  I  h  I 
[cm’^c‘‘]  b  xeaecHOM  yxae  AD.  h  cncKxpaabHOH  noaoce  Ao)q  =  1/r  ,  paBHon  o6paxHOMy 
BpeMCHH  acH3HH  napano3HxpoHHa,  onncbiBaexca  b  cxaunonapHOM  cjiynae  ypaBHCHHaMn 


(2) 


—  =  B{sN  - 1)//*  +  y£M{l  +  /  *)  +  SqS - +  N_)I 

dz  T 

-  —  =  msN  - 1)//*  +  r£N(I  +  /*)  +  SqS--  (7{N^  +  N_)l* 

dz  T 


(3) 


rfle  MHoacHTCJib  £  =  AcOq  /  AcOq  noKasbiBaer  flojiio  etomob  nosinpoHHH, 
BSaHMOfleilCTByiOmHX  C  BHeUIHHMH  nOAMCHraiOmHMH  nyMKEMH  ^JOTOHOB,  (N_^+N_)  - 
coBOKynHoe  hhcjio  ajieicrpoHOB  h  no3HTpOHOB  b  nyHKe.  IlepBbie  hjichm  ypaBHeHHH 
OTBenaroT  sa  flByxKBaHTOBoe  CTHMyjiHpoBaHHoe  HcnycKaHwe  hjih  norjiomcHHe  (J)otohob  c 
K03(J)(})HUHeHT0M  P  [CM^C]  HpH  aHHHFHJMUHH  HJIH  poaCflCHHH  ETOMOB  n03HTp0HHB,  BTOpblC 
HJieHbl  yHHTblBEIOT  CHOHTaHHO-CTHMyjlHpOBaHHOe  HCnyCKaHHC  (JjOTOHOB  BO  BCTpeHHbie 
nyHKH  I  H  I*  C  K03(J)4)HUHeHT0M  f  [CM^],  TpeXbH  HJlCHbl  OnHCblBEIOT  HHCTO  CnOHTaHHOe 

HcnycKaHHe,  npHHCM  MHOJKHrejib  Sq  =  ACt/4^  noKasbiBaer  jiojik)  (jjoxoHOB,  nonanaiomHX 
B  rejiecHbiH  yroji  AQ ,  oxBaTbiBEKmiHH  nyHKH  I  h  I  ,  h  nocjiejiHHe  hjichm  xapaKTepH35HOT 
nojiHbie  noxepH  4)otohob  h3  Ka>Kfloro  nynKa  c  cenenHeM  pacceaHHB  ex  [cm^];  z  - 
npoflOJibHaa  KOopflHHaTa  30Hbi  ycHjieHHB  c  ajihhoh  L  . 

IIojioxfHTejibHoe  ycHJieHHe  c  dl/dz  >0  H  -dr/dz  >  0  flocTHraercB  ecjiH 

2/?(fN  -  1)n*  >  [cr(N+  +  N_)  -  2/fN](I  + 1*)  -  2fo^N/r  .  (4) 

OxCIOfla,  BBOflH  HHXCHCHBHOCXH  nOflXCHraHDIIJHX  nyHKOB  (JlOXOHOB  ^ign  ^ign  ^ign  / B 

Bxofle  B  o6jiacxb  ycHJieHHH,  nojiynacM  ycjioBHe,  Koxopoe  mojkho  paccMaxpHBaxb  kek 
noporoBoe  ww  noflJKHxa 

lign  >  +  /^)  .  I-gn  >  loO  + 


rae 


o-(N^  +  N_)/No-2g7 

Isp 


(6) 


H  nocjieflHHH  HJieH  b  (4)  onymeH  H3-3a  MajiocTH  MHoacHTejw  Sq  ,  a  raioKe  npeanojiaraerca, 
HTO  HanajibHaH  KOHueHxpauHa  axoMOB  nosHxpoHHa  Nq  flocxaxoHHO  BejiHKa,  xaK  hto 

^0  » ''  • 

EcJIH  HHTeHCHBHOCTH  BCTpeHHbIX  nyHKOB  CymeCTBCHHO  npeBbimaiOT  noporoBbiH 
ypoBCHb,  TO  B  ypaBHeHHiix  (2),  (3)  mo^kho  npeHeGpenb  bccmh  HjieHaMH,  KpoMe  nepBbix. 
Toraa  nojiynaeM 


dz 


dz 


=  y5£Nn 


(7) 


OTKyfla  d(I  "I"  I  )/dz  0  H  I  +  I  ^ign  ^out  ^ign  ^out  COIlSt  ,  TOC  Iqu^  H 

HHXeHCHBHOCTH  rtyMKOB  Ha  BblXOflC  H3  o6jiaCTH  yCHJieHHH.  PeayjIbXaXOM  HHXerpHpOBaHHH 

CHCxeMbi  (7)  HBJiaexca  xpaHcueHACHTHoe  ypaBHCHHe  asm  “hhctoxo”  BHaneHUH  Bbixo^HOH 

HHXeHCHBHOCTH  I„  =  “  Ijgn  =  “  I*g„  Ha  flJIHHe  yCHJieHlW  L 


-1  r 


vlign 


In 


vlign 


+  1 


L 


^ign 


(8) 


rae  N  -  cpegniia  KOHueHxpaHHa  axoMOB  no3HxpoHH5i  b  nyHKe 


1  L 

N  =  —  jN(z)dz 


(9) 


PemcHHe  axoro  ypaBHenna  npeflCxaBjieHO  na  pnc.  1  b  BHfle  3aBHCHMOCXH  In/I jgn  ox 

napawiexpa  aKXHBHOcxH  ycHJiHBaiomeH  cpcAw  A  =  I^gny^^NL  ajw  pasAHHHOH  cxenenn 
accHMMexpHH  HHxeHCHBHOCxeii  nofl^HrawiAHX  nyHKOB  4)oxohob  // . 


Oco6eHHOCxbK)  KpHBbix  HEjMcxcH  Hx  HeoflH03HaHHocxb  H  rHCxepe3HCHbiH  xapaKxep. 
IlpH  flOCXHaCCHHH  HapaMexpa  aKXHBHOCXH  A  KpHXHHeCKOrO  BHaHCHHa  npOHCXOAHX 
jiaBHHOo6pa3HbiH  cKaHOK  Ha  BepxHHH  ynacxoK  S  -  o6pa3Hbix  KpHBbix  h  pe3Koe  BoapacxaHHC 
CKopocxH  HHAynHpoBaHHOH  aHHHXHjMUHH,  conpoBOxcAaiomeeca  H3JiyHeHHeM  raranxcKoro 
HMiiyAbca  raMMa  KBaHxoB. 


Heo6xoflHMo  OTMeTHTb,  HTO  paspbiBHbiH'xapaKTep  KpHBbix  Ha  pHC.l  HMeer  cboch 
npHHHHOH  fleficTBHe  flHHaMHHecKOH  pacnpeAejieHHOH  o6paTHOH  cbhsh  ivieaqiy  BcrpenHbiMH 
noTOKaMH  (J)OTOHOB  [16],  Ko34)4)nuHeHT  o6paTHOH  CBa3H  p  ,  onpe;iejiaeMbiH  qepes 

npHpameHHe  tuiothocth  noxoKa  4)otohob  o6paTHOH  bojimbi  dl  Ha  sjieMeHTC  ftjiHHbi  dz 
nofl  fleHCTBHeM  npaMoft  BOJiHbi  c  ruioxHocrbio  noxoKa  I ,  HMeex  bh;i 

p  = - =  yffdSTL  . 

I  dz  (10) 

HejiHHCHHbiH  xapaKxep  cbhsh  Mcxc^iy  BCxpenHbiMH  BOJinaMH  o6ycjiOBjieHHbiH  aKxaMH 
CXHMyjIHpOBaHHO-CXHMyjIHpOBaHHOii  aHHHXHJIHUHH  napanOSHXpOHHB  npHBOflHX  K  pocxy 

K034)(J)HHHeHXa  CBH3HP  BMCCXC  C  I  ,  HXO  H  BBJiaeXCa  npHHHHOH  JiaBHH006pa3H0r0 
pasBHXHH  npouecca  HHayunpoBaHHOH  aHHHXHJiaiiHH. 


3.  BepoflTHOCTb  MHAyLiiipoBaHHOM  aHHMriiJiHLiMM  napanosiixpoHiifl 

CBa3b  MCJK^iy  BepoaxHOCXbK)  cnoHxaHHoii  h  HnayunpoBaHHOH  aHHHrnjiauHH 
napano3HxpoHHa  npome  Bcero  ycxanoBHXb  c  noMombro  cooxHomcHHa  3HHiiixeHHa  Mcacay 
cncKxpajibHbiMH  K034)(|JHUHeHxaMH  cnoHxaHHoro  H3JiyHeHHa  A(<2))  h  HHayiinpoBanHoro 
HSJiyneHHa  B(<y)  [17] 


B 


(11) 


rae  K03(J)4)HHHeHx  A(cy)  onpeAejiaex  BcpoaxHOCXb  cnoHxaHHoro  H3JiyHeHHa  4>OTOHa 
nacxoxbi  0)  b  cnexxpajibHbiH  HHxepBaji  dco  h  HHxepBaJi  xejiecHbix  yrjioB  dQ 


dW,  =  A((jD)do)^ 

Ak 


a  K03(J)(J)HUHeHX  B(6))  -  BcpoaxHOCXb  cxHMyjiHpoBaHHoro  H3JiyHeHHa  (|)oxoHa  xoii  ace 


nacxoxbi 


dWj  =  B{co)U{a),d,(p)dG)dQ. 


(13) 


B  npHcyrcTBHH  sjieicrpoMarHHTHOH  bouhw  co  crieiapajibHO-yrjiOBOH  njiOTHOcxbio  anepraH 
\}{(j0 ,6 ,<p) .  C  noMombK)  cooTHOineHHJi  3HHmTeHHa  (11)  nepenniiieM  (13)  b  BH^e 

yflo6HOM  fljiH  ziajibHeHuiero  npHMCHeHiia 

dWj  =  (AV4)A(<y)I(6i,k)dfydQ  (^4) 


rae  I(<y,k)  =  1(61,^,^)  -  cneKTpajibHO-yraoBafl  njioTHocxb  noxoKa  4)oxohob  (apKOcxb) 
cxHMyjiHpyiomero  HajiyneHiia  c  aJiHHOH  bojikh  X  h  BoaHOBbiM  BeKxopoM  k . 

BepoaxHOCxb  b  eaHHHuy  BpeMCHH  aByxKBanxoBOH  cnoHxaHHO-cnoHxaHHoii 
aHHHXHJiHUHH  axoMa  napanosHxpoHna  c  HajiyneaHeM  (|)oxoHa  nacxoxbi  (D  b  cneKxpajibHbin 
HHxepBaa  d<y  h  HHxepBan  xeaecHbix  yraoB  dQ  paana 


dW33  =  W33g(6«)-fi>o)d6> 


Att  ’ 


(15) 


rae  W33  =  1/r  -  o6paxHoe  apeiwa  ^chshh  napanosaxpoHHH,  W33  =  a^mc^/(2^)  = 
0,8.10*°  c*  [11],  g(<»)  -  4)yHKUHa  JIopeHua c  uihphhoh  AcOq  =^JT  k  TicOq  =  mc^. 


Hcnoabsya  aBajKaw  nepexoa  ox  (12)  k  (14),  HaiiaeM  cHanaaa  BcpoaxHOCxb  b 

eaHHHUy  BpeMCHH  CnOHXaHHO-CXHMyaHpOBaHHOii  aHHHXHJlBUHH 

dWi3  =  (;iV4)W33g(^y -  tt)o)I(«y,k)daxia  , 
a  saxeM  h  cxHMyaHpoBaHHO-cxHMyaHpoBaHHOH  aHHHrHjiauHH  napanosHxpoHHa 

dWii  =  (;rAV4)W33g(dy  -  a)o)I(<y,k)I*(^y,-k)d6xin  (1'^) 

BO  BCxpeHHbix  noxoKax  cxHMyaHpyioiaero  Hsaj^tCHHa  c  apKOcxbio  c[>oxoHHbix  nyHKOB 

I(<w,k)  H  l’(<»,-k). 

CooxBexcxBeHHO,  CKopocxHaa  KOHCxanxa  y  b  ypaBHeHHax  (2),  (3),  oxaenaiomaa  aa 
BKJiaa  cnoHxaHHO-cxHMyaHpOBaHHOH  aHHHXHaauHH,  paBHa 

r  =  Xll(27r)  , 


(18) 


/!(;;=  2;r^/(mc)  =2,4. lO'^^CM  ecrb  KOMriroHOBCKaa  fljiHHa  bojihw  h  /  =0,9.10' 
a  CKopocTHaa  KOHCxaura  P  ,  flaiomaa  BKJiaa  cxHMyjiHpoBaHHO-CTHMyjiHpoBaHHfaix 
aKXOB  aHHHXHjmUHH  HMCeX  BHfl 

4  1 

2  AoqA^I 

4.  HMcneHHbie  ouchkm  Ann  napanosuTpoHun 

HHCJieHHbie  oucHKH  npeacxaBJieHbi  fljw  nynKa,  b  KOxopoM  axoMOB  napanosHxpoHiM 
B  10^  pas  MCHbllie,  HBM  CB06oflHbIX  SJieKXpOHOB  H  nOSHXpOHOB,  a  CXenCHb 
MOHOKHHeXHHHOCXH  XBKOBa,  HXO  flOJM  aXOMOB  napanOSHXpOHHB,  BSaHMOfleHCXByromHX  c 
4)oxoHHbiMH  nyHKaMH,  cocxaBjiaex  5  =  10'^  . 

noporoBbie  apKOCXH  noA^HxaiomHX  nyMKOB  (1)oxohob  oi^eHHBaroxca  no  (5)  h  (6) 

BCJIHMHHaMH  Ijgjj/(A<yoAn)  >  8. 1 0^^  CM'^  CXpafl'*  H  Iig„/(A<»0^^)  >8.10^*^  cm'^ 

cxpafl"\  r.rie  npHHJix  K03(J)(|)HUHeHX  accHMMexpHH  //=100  h  ynxeno,  hxo  ochobhoh 
npHHHHOH  noxepb  raMMa  KBanxoB  h3  nyHKa  HBjmexca  KOMnxoHOBCKoe  pacceaHne  ^oxohob  c 
ceMCHneM  b  paccMaxpnBaeMOH  o6jiacxH  nacxox  paBHbiM  [11]  <T «  0,4(8;'r/3)ro  = 
2,6.10'^^  CM^  (Fq  -  KjiaccHHccKHH  pamtyc  sjieKxpona,  ro=2,8.10'^^cM). 

IlapaMexp  aKXHBHOcxn  cpeaw,  KpnxHHecKHH  pfla  Havana  noflJKnra  jiaBHHOo6pa3HOH 
HHayunpoBaHHOH  aHHnrHJiauHH  napanosnxpOHHH  onpe;^ejmexca  ycjiOBHCM 

~1  (cm.  pnc.l),  Koxopoe  ajm  noporoBoro  SHaneHiiH  apKOCxn 
nofl^nraromero  ^Joxohhoxo  nyHKa  Ijgjj/(AiyoAQ)  =8.10^^  cm'^  cxpaa'^  mojkox  6brrb 
yjlOBJiexBopeno,  nanpnMep,  npn  N  =  10**cm'^  h  L  =  10m  .  KpHxnnecKHe  SHaHenna  n 

(in/Iign)  JiorapH4)MHHecKH  cjia6o  saBHcax  ox  cxenenn  accHMMexpnH  noA^nra  fi  ,  hxo 

nosBOjmex  na^aeaxhca  na  cxapx  npouecca  JTaBHHoo6pa3HOH  HH;^y^HpoBaHHOH  aHHHriiiwiiHH 
nosHXpOHHH  c  ypoBHB  nnoxHOCxH  noxoKa  cnoHxannbix  <j)oxoHOB,  ncnymcHHbix  npn 
cnoHxaHHO-cxHMyjiHpoBaHHbix  aKxax  aHHnrnjiauHH,  xo  ecxb  b  oxcyxcxBne  BHemnero 

nofl>KHraK)mero  nynxa  1  .  B  3xom  cjiynae  HMeex  cmhcji  ncnojibsoBaxb  npenMymecxBa 


pejwTHBHCTCKoro  ABH^eHHa  axoMOB  no3HTpoHHa.  KaK  yKasbiBajiocb  Bbime,  BCxpenHoe 
flBHJKCHHe  aXOMOB  nOSHXpOHUH  B  ITyHKe  C  pejlHXHBHCXCKHM  (|)aKxopoM  Y  ~  500  nosBOJiacx 

B  4^ ^=5. 10*  pas  CHHSHXb  apKOCXb  noA^Hxaiomero  nyHKa.  KpOMC  xoro, 

SHcpxHa  ^otohob  b  noflJKHxaiomeM  nyHKC  Moacex  6bixb  CHMSKena,  corjiacHO  (1),  b  2y=10^ 
pas.  B  Hxore,  noporoBoe  SHancHHe  cneKxpajibHO-yrjiOBofi  njioxHOCXH  noxoKa  SHepxHH  b 
noflacHxaiomeM  nyMKC  cocxaBHX  0,8.10*^  sB  cm‘^  cxpaa'^  ,  hxo  nonaflaex  b  ananasoH 
aocxHacHMbiH  c  noMombK)  peHxrcHOBCKHX  aasepoB. 


5.  jqiiHaiMHKa  yciiJieHii;i  BcrpeHHbix  noA)Kiiraioi4iix  nyMKOB.  OpronosuTpoHiiH. 

JIaBHHOoGpasHoe  HSJiyneHHe  raranxcKoro  HMnyjibca  raMMa  KBaHXOB  npoHCxoaHX  h 
npH  BHeinHCM  noaxcnre  xpexKBanxoBOH  HHayUHpOBaHHOH  aHHHrajiai^HH  opxonosprrpoHUH. 
B  BbipoxcacHHOM  cuynae,  Koraa  noa»cnr  ocyiqecxBJwexcji  aBym  BCxpenHbiMH  ityHKaMH 
4)0X0H0B  C  IUIOXHOCXHMH  nOXOKOB  I  H  I  H  SHeprHXMH  (J)OXOHOB,COOXBeXCXBeHHO, 

fi(D  =  fia)Ql2  =  mc^l2  h  hco*  =  HcOq  =  mc^ ,  cxauHOHapHbm  npoqecc  ycaneHHa 
onHCbiBaexca  chcxcmoh  hs  flB30{  ypaBHenwH 


2dz 


dz 


(20) 


HnxerpHpoBaHHe  sxoh  chcxcmh  npHBoaHx  k  xpaHCueHflenxHOMy  ypaBHCHHK) 


In 


7 


L 


V  1 


Mgn 


L 


2^  +  1 

^ign 


L 


ign 


"  I  2^' 

2-^  +  1  +  - 


L 


I  2^^^ 

2-^  +  1  +  - 


ign 


MJ 


\  ^ign 


MJ 


L 


2^  +  1 

^ign 


=  lign^r^ 


(21) 


rae  I„  =  I-gn  -  iL  =  (V2)(lign  -  lout)  -  ‘J«cxbiH  BbixoA  nyHKa  I* ,  a  Ijg^  H  I.g„ 
luioxHOCxH  BHCuiHHx  noxoKOB  noflxcHxaiomHx  4)oxohob  Ha  Bxoae  B  oSaacxb  ycHjieHHa. 
PeuiCHHe  sxoro  ypaBHCHHa  npeflCxaBaeno  Ha  pHC.2  b  bhac  saBHCHMOCXH  In/Iign 

napaviexpa  aKXHBHOcxH  cpeaw  A  =  IjgnjiffNL  npH  pasaHHHbix  sHaneHHax  accHMMexpHH 


HHxeHCHBHOCxeii  noflxcHxaiomHx  irynKOB.  BnaHa  HeoaHosnaHHOcxb  sxoii  saBHCHMocxH, 


CBHAexejIbCTByKDmaH  O  JiaBHH006pa3H0M"  pa3BHTHH  npouecca  HHayUHpOBaHHOH 
aHHHPHJIBUHH  npH  KpHTHMCCKHX  SHaMeHHHX  napaMCTpa  aKTHBHOCTH  A  =  ~  1  . 

CKOpocTHaa  KOHCxaHTa  X  >  BxoAamaa  b  ypaBHCHHa  (20),  morct  6biTb  nojiyneHa 
cjicAyiomHM  o6pa30M.  HanaTb  hbao  c  BbipasKCHHa  ajib  BeposrrHOCTH  b  eAUHHqy  BpeMeHHH 
CnOHXaHHOH  TpeXKBaHTOBOH  aHHHFHABAHH  C  HCnyCKaHHeM  AByX  4)0T0H0B  HaCTOTbl 

0)  =  COqI2  b  oahom  HanpaBACHHH  H  Tperbero  ^^oroHa  nacroTbi  a>  =  COq  b 
npOTHBOnOAOXCHOM  HanpaBABHHH  B  HaCTOTHblH  HHXepBajI  dti)  H  XCAeCHblH  yrOJI  dQ 

Z  ^71 


XAC  CBHsaHa  c  o6paxHbiM  BpeMcneM  xchshh  opxonosHxpoHHH 

l  =  ?(£!^a«lS?i=0,7.10V> 

ro  9;r  fi  (23) 


CJICAyiOlAHM  COOXHOmeHHCM  [11] 


2  1 

(;r^-9)  (olrl 


(24) 


npHMemw  saxeM  xpHxcAbi  nepexoA  ox  (12)  k  (14),  npHACM  k  BbipaxceHHio  ajih  CKopocxH 

“nOJlHOCXblo”  HHAyUHpOBaHHOH  XpeXKBaHXOBOii  aHHHXHJlBUHH  OpXOnOSHXpOHHB  BO 
BCxpcHHbix  (|)oxoHHbix  nyHKax 


4  > 


2 

-  ^)l^(®,k)l‘(2<»,-2k)dffldn , 


(25) 


OXKyAa  AJia  CKOpOCXHOS  KOHCXanXbl  %  HHAyUHpOBaHHOH  aHHHrHJMAHH  OpXOnOSHXpOHHA 
nojiynaeM  CACAyioiAee  BbipaaccHHC 


4  d?,  .  1 

it{7^  -  9)  TqC^ 


(26) 


OucHKa  noporoBoii  iuioxhocxh  noxoxa  4)Oxohob  noAHCHraioiAero  nynKa  npwBOAHx  k 


(27) 


^ign  ^ 


o-(N^  +  N_)(//  +  1) 


1V2 


N 


SX 


HTO  flaex  MpesBbiHaHHO  6ojibmyK)  noporoBjTO  apKOCTb  Iign/(A<yoAn)  =  1,5.10^  CM'^ 

crpa^l  *  ,  flajTCKO  Bbixoflamyio  aa  npeaejibi  BOSMOMCHOCxeH  coBpeMCHHbix  hctohhhkob 
H3JiyHeHna  n  flejiaiomyio  nofl>KHr  HH;[iyiiHpoBaHHOH  aHHHPHJMUHH  opronosHTpoHHa  b 
HacTOHinee  BpeMa  HepeajibHWM. 


6.  3aKJitoMeHiie 

npoBCfleHHbiH  aHajiH3  pacKpbiBaer  ocHOBHbie  npcHMymecTBa  h  HeflocraxicH  Mcxo^a 

BHeuiHero  noa^cHra  BCxpcHHbiMH  ^^OTOHHbiMH  nyHKaMH  npouecca  HH^iyuHpoBaHHOH 

aHHHrHJiauHH  axoMOB  no3HxpoHHa; 

•  ycxanaBJiHBaexca  npHcyiUHH  jiHuib  aByxKBanxoBOMy  cxHMyjiHpOBaHHOMy  HcnycKaHHio 
BO  BCxpcHHbix  nyHKax  cneuHajibHbiii  bhii  aHHaMmecKOH  pacnpeaejiCHHOH  o6paxHOH 
CBa3H  6e3  kbkhx-jihGo  oxpaacaiomHx  cxpyKxyp. 

•  HejiHHBHHOCxb  oSpaxHOH  CBH3H  c  K034)4)HUHeHX0M,  nponopuHOHajibHbiM 
HHXCHCHBHOCXH  nyHKa  (|)OXOHOB,  BbI3bIBaeX  JiaBHH006pa3HyK)  aHHHrHJIHUHK)  aXOMOB 
no3HxpoHHa,  conpoBOJKflaiomyioca  HajiyHCHHCM  PHraHxcKoro  HMnyjibca  raMMa  KBaHXOB. 

•  B03M0»CH0CXb  HCn0Jlb30BaHH5I  peJIBXHBHCXCKHX  nyHKOB  aXOMOB  n03HXp0HHH 
cymecxBCHHO  CHHacaex  xpe6oBaHHa  k  HCxoHHHKy  noAMcwraioinHx  4)oxohob  BcxpcHHoro 

HanpaBJIBHHH.  IlpH  3HeprHH  SJieKXpOHOB  H  n03HXp0H0B  me  y  «  260  M3B  (y  »  500  ) 
noporoBaa  cneKxpajibHO-ymoBaa  njioxHocxb  noxoKa  aneprHH  b  noflJKHraiomeM  nj^KC 
coexaBJiaex  wia  napanoanxpoHHa  BejiHHHHy  0,8.10^^  aB  cm'^  expaa'^  ,  nonaaaioiayio  b 
aHanaaoH  peHxreHOBCKHX  aaaepoB. 

•  CnoHxaHHbie  (|)OxoHbi,  HcnycKacMbie  b  KaaKaoM  aKxe  cnoHxaHHO-cxHMyaHpoBaHHofi 
HsaynaxeabHofi  aHHHraaauHH  axoMOB  no3PnpoHna,  BbiSBaHHOH  oaHHM  xoabKO  nepBbiM 
noaacHxaiomHM  nynKOM,  HaeanbHO  noaxoaax  aJia  nocaeayioiaero  yn^exHa  b  aicxax 
aByxKBanxoBoii  cxHMyaHpOBaHHO-cxHMyaHpoBaHHOH  aHHHrnaaaHH  h,  caeaoBaxeabHO, 
Moryx  HPpaxb  poab  Bxoporo  noa^Hraroiaero  nyHKa. 


•  OcymecTBJiCHHK)  nofloGnoro  npouecca  cero^Ha  Meinaer  oxcyrcTBHe  hctohhhkob 
noflMCHraiomHX  raMMa  KBaHTOB  flocxaTOHHOH  apKocxH  (fljia  opxonosHxpoHHa)  h 
AOCxaxoHHOH  fljiHxejibHOCXH  HMiiyjibca  (fljia  napanosHxpoHHa)  a  noaxoMy 
npcHMymecxBa  Mexoaa  BHeuiCHro  noflacnra  HHflyuHpOBaHHOH  aHHHnuiauHH  axoMOB 
nosHxpoHHH  Moryx,  no-BHflHMOMy  ycneuiHO  npoaBHXbca  jiHuib  b  OKoneMHOH  cxyncHH 
HCxoHHHKa  raMMa-KBBHxoB  (nanpHMep,  nocjie  peHxreHOBCKoro  hjih  raMMa  jiaaepa, 
pejiaxHBHCxcKoro  OHflyjiaxopa  hjih  jiaaepa  Ha  CBoSojjHbix  ajieKxponax  h  x.  n.)  am 
nojiyncHHa  KpaxKOBpeMeHHoro  HMnyjibca  raMMa  (Jjoxohob  anaanxeiibHOH  hhkoboh 
aMHJiHxyflbi. 


flaHHaa  pa6oxa  BbinoaHeHa  npn  nacxHHHOH  noaaepacKe  PoccHHCKoro  ^OHj^a 
OyHjiaMeHxajibHbix  HccaeaoBaHHH  (rpawx  M  96-02-17686a)  h  BOARD  (npoeKXbi  SPC-96- 
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